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FOREWORD 


The  Office  of  Naval  Researcli  was  pleased  to  cosponsor  the  Fourth  later- 
national  Conference  on  Electrorheological  Fluids.  The  field  of  electrorheologicol 
fluids  has  come  a  long  way  since  Willis  Winslow’s  seminal  experiments  with  mix¬ 
tures  of  corn  starcii  and  mineral  oil  in  1947.  The  pace  of  innovation  has  been 
pai’ticularly  rapid  in  the  last  five  or  six  years.  The  Confer  cace  jrrovidcd  a  timely 
assessment  of  the  current  state  of  the  art.  A  variety  of  novel  trrateriuls  was  re¬ 
ported  that  promises  to  expartd  the  limits  of  perfonrrairre  of  thes<-  fa.si-inating 
fluids.  Signilrcrurt  results  were  reported  in  the  areas  of  properties  urrd  rrrcclratrisin.s. 
The  agenda  included  an  excellent  balaircc  between  basic  results  and  potential  ap¬ 
plication.  hr  that  cegard,  it  is  n  pleasure  to  rrote  the  .significant  level  of  iiidustriid 
representation.  It  is  also  gratifying  to  note  the  breadth  ol  tin'  international  par- 
ticii.'ation  with  eighty  partiripiurts  from  fifte'crr  coiurtries,  All  of  thesi'  factors  led 
to  presentations  arrd  lively  discussiorr  that  more  than  met  out  expectatiott.s  for  the 
coirfcrerrcc.  The  Offre.e  of  Naval  Research  wi:dje8  to  i‘X]>ri's.s  its  gratitude  to  our 
cosponsors,  Tedmikurn  VotuILerg  ami  Suutherrt  Illinois  Univer.sity  at  Car  bomUile. 
Special  thanks  are  due  to  uur  host,  the  Music  School  Stella  Matutiua,  Ft'ldkirch, 
Austria,  fur  providing  superb  support  and  a  must  itespiriiig  eiiviionini'iit. 

Ur.  Ur  uce  U.  Robinson 
Drrt'ctor 

Science  Directorate 
Ollice  of  Naviil  Research 
Ailingtoii,  Virginia 
November  22,  l‘J93 
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PREFACE 

The  Fourth  Inteniational  Conference  on  Electrorheological  (ER)  P'luids  took 
]>liw:e  fit  the  riglit  time  when  both  the  US  Depiutiucnt  of  Energy  iiiul  the  Gov- 
eriiinent  of  Ja])an  released  reports,  ivsscssing  the  great  potential  of  ER  fluids  for 
future  industrial  and  technological  ajijilications.  The  thrirst  areiis  in  which  research 
is  needed  were  also  identified. 

The  conference  wins  held  at  th<'  anci(>nt  city  of  Feldkirch.  Au.stria,  from  July  20 
to  23,  1993.  A  total  of  58  pa[)ers  were  pre.sented,  which  dc-.scribetl  the  cutting  edge 
of  K'.seareh  in  ER  fluid.s,  and  covered  inateriiiis  technology,  i)iiy.sicai  inechiuiisms, 
properties,  and  applirati<jn.s  of  ER  flui<is.  Highly  productive  and  seient  ifieally  stim 
uhiling  discussions  followetl  thi'  pre.sentation,  and  the  state of-ar;  of  technology'  was 
disseminated.  Since  the  Tided  International  •  onfereiici'  on  ER  Fhiiils  in  1991,  sig 
niflcaiit  progress  has  been  ina<i<'  in  both  :uid  applit  tttion.s. 

The  conference  w:is  spon,sored  liy  tin'  Office  of  Naval  lieseanh  (USA).  Tei  h 
nikiiin  Vortulberg  (Au.stria),  and  Southern  Illinois  University  at  Carboinlale  (USA). 

Ill  spite  of  the  cuirenl  econoiilic  stagnation  in  Europ<‘  and  .laiian,  about  SO  ])eo 
jile  from  15  countries  jiai  licipated  in  the  conference.  The  following  countiies  paitic 
ijiiited:  Austriii.  Uelaius  (Foriner  Soviet  Union).  Canada.  Chiini,  Fram  e.  Cierniaii.v. 
Greei'e,  Italy.  .)a|>an,  Hong  Kong,  Slovakia.  South  Korea.  South  Afiica,  United 
Kingdom.  :uid  the  United  Stiites  of  Americii.  hi  addition  to  the  universities  and  na 
tional  laboratories,  inajoi  industries  from  all  over  the  world  were  also  representeil, 
Tliesi-  included:  Ford  Moloi  Company,  Exxoti,  Lord  Corporation,  Bliilgesloue, 
Asahi  Clieinical,  Uayei  AG.  HASP'  AG.  and  HoeehsI  AG. 

Our  sjii'cial  thanks  are  due  to 

Dipl.  Ing.  Markus  Linliart,  Tecliiiikum  V'orarlherg, 

Di.  Hubert  Regner.  Voistand  der  Abteilung  Wi.s.senschaft  iind  W(-iterbildung, 

and 

Dr.  Maurice  A.  Wright,  Diieetor  of  Maleriids  T<  hiiology  Center,  Soul  hern 
Illinois  University  at  Carbondale, 

who.se  sui>port  and  help  were  e.s.sent  ial  iiigredieuls  for  the  success  of  the  Caiiifeieiice. 
We  express  our  s])ecial  a|)preciation  to  Mrs.  Karen  I’ahuer  for  her  valuable  assistance 
in  Coordinating  the  Coiiferema', 

Gabriel  U.  Roy 
Office  of  Naval  Research 


Rougjia  Tao 

Soiithi'ni  Illinois  University 
November  1993 
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THE  POLARIZATION,  STRUCTURING  AND  RHEOLOGY  OF  ER  FLUIDS. 

K.  M.  BLACKWOOD’.  H,  BLOCK’,  P.  RATTRAY’,  G.  TSANGARiS'-  and 

D.  N.  VOROBIEV^ 

'Centre  for  Molecular  Bhctronics,  School  of  Industrial  and  Manufacturing 
Sdence,  Cranfield  Institute  of  Technology,  Cranfield,  Bedford,  UK 

^Department  of  Chemical  Engineering,  Section  III  Materials  Sdence 
and  Engineering.  National  Technical  University,  Zografou,  Athens, 

Greece 

^Institute  of  Physico-Organic  Chemistry,  BSSR  Academy  of  Sciences,  Minsk, 
Belarus 


ABSTRACT 

Recent  dielectric  and  rheological  measurements  of  ER  fluids  ba^  jd  upon 
poly(anthracene  quinone  radical)  under  continuous  and  puised  dc  fields  are 
described  't  is  shown  that  given  sufficient  time,  large  fields  Induce  Interfacial 
polarizations  vMhich  act  to  structure  the  fluid  in  quiescent  conditions,  leading  to 
enhancement  of  relative  permittivity  and  shifts  in  the  dielectric  relaxation 
frequencies.  These  dielectric  experiments  and  with  microscopic  observations 
confirm  that  fibrillation  and  column  formation  occur,  which  are  very  time 
persistent  for  undisturbed  fluids,  oven  after  the  fields  are  removed.  Alternative 
methods  of  applying  the  field,  either  in  a  single  step  or  as  a  sequence  of  steps 
to  gain  the  final  level,  result  in  differing  outcomes  dielectrically  and  cause 
differing  structures  as  observed  optically. 

It  is  shown  that  the  dynamics  of  structuring  can  be  probed  by  applying  single 
rectangular  pulses  of  field  for  differing  periods  (1 0'^  - 1 0^  s)  and  following  these 
by  measurement  of  the  fluids  dielectric  spectrum.  From  such  data, 
characteristic  times  descriptive  of  the  polarization  abilities  for  a  range  of  fluids 
was  derived  and  these  were  successfully  correlated  to  the  iield  strength  (E), 
base  fluid  viscosity  (q)  and  volume  fraction  (O)  using  a  simple  theoretically 
based  relation. 

The  rheology  of  such  fluids  under  a  field  of  rectangular  unidirectional  pulses  of 
varying  frequeiicy  have  been  measured  and  the  results  are  presented  and 
related  to  the  dielectric  measurements.  In  combination  these  provide  the  basis 
for  a  discussion  on  how  and  when  the  rates  of  polarization  may  influence  the 
switching  possibilities  of  ER  fluids  in  use. 

1.  Introduction 

Electrorheological  (ER)  activity  is  bf»lieved  to  involve  the  polarization  of  the 
particles  and  subsequent  interactions’"*.  In  conditions  where  there  is  no  flow 
these  cause  extensive  structuring  by  the  fermation  of  fibrils  which  are  the  likely 


4 


cause  of  the  mechanical  strength  of  the  ::  -^lid  state'**,  The  physics  behind 
such  structuring  has  been  discussed  and  to  some  extent  modelled*'^  as  has  the 
dynamics  of  the  interacting  processes  in  flow*.  Amongst  several  difficulties  in 
correlating  observations  with  theoretical  prediction  is  the  problem  of  visualizing 
the  structures  formed  at  depth,  because  of  the  turbidity  of  ER  fluids,  particularly 
for  the  more  concentrated  and  practically  significant  ER  dispersions,  Looking 
at  dilute  fluids  or  thin  layers  of  fluids  under  the  microscope  may  well  not  give 
representative  data  but  by  extending  the  wave  length  of  the  probing  radiation 
many  of  these  problems  disappear.  This  is  an  unusual  but  instructive  view  of 
the  role  of  dielectric  spectroscopy  involving  the  frequency  dependence  of 
relative  permittivity  (e')  and  dielectric  loss  (e")  under  radio  frequency  radiation. 
Since  such  spectroscopy  can  be  done  under  dc  organizing  electric  fields  and 
in  flow,  the  method  is  particularly  apposite  for  ER  fluids.  What  is  valuable  in 
such  an  approach  is  that  particle  interactions  and  consequent  full  or  partial 
structuring  markedly  changes  the  fluid’s  dielectric  spectrum. 

We  have  previously  reported  preliminary  observations  of  large  field  induced 
enhancements  of  e'  and  s"  of  ER  fluids,  particularly  if  the  solidified  form 
develops^,  ihese  parameters  reflect  the  polarization  and,  in  terms  of  their 
dependence  on  electrical  field  frequency  f,  the  dynamics  or  the  polarization, 
which  in  the  case  of  many  if  not  all  ER  fluids  involves  interfacial  processes. 
When  this  is  the  case  the  magnitude  of  the  polarization  can  be  strongly  affected 
by  the  shape  of  the  polarizing  entities®'”.  As  described  below,  the  field  induced 
permittivity  changes  of  ER  fluids  provide  a  means  of  investigating  structuring 
in  opaque  situations  whilst  aspects  of  the  dynamics  of  such  structuring  can  be 
studied  by  using  pulsed  field  techniques. 

The  rheology  of  ER  fluids  under  pulsed  fields  can  provide  insight  into  the 
dynamics  of  particle-particle  interactions  and  we  have  already  reported  some 
preliminary  work  in  this  area®.  Below  we  present  further  observations  involving 
pulsed  field  effects  on  the  rheology  of  ER  fluids. 

2.  Experimental 

The  ER  fluids  used  were  based  upon  dispersions  of  poly(anthracene  quinone 
radical)  (PAnQR)*  '®.  Thus  they  belong  to  the  anhydrous  class  of  ER  fluids  and 
are  particularly  effective  in  that  they  retain  field  induced  stress  enhancements 
up  to  considerable  shear  rates  {circa  10'*s'*).  To  make  these  fluids,  synthesized 
PAnQR  was  ground  and  sieved  to  exclude  particles  ^38  pm  and  dispersed  at 
known  volume  fractions  (<I>)  in  dried  silicone  oils  of  various  viscosities  (n). 

Dielectric  measurements  under  both  still  and  flowing  situations  and  with  or 
v/ithout  fields  present  were  made  using  the  equipment  previously  desaibed®. 
This  included  a  pulse  generating  system  capable  of  delivering  high  voltage 
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rectangular  pulses  at  set  frequencies  from  dc  to  10^Hz  with  rapid  rise  and  fall 
times  (  *10  *s).  For  the  purposes  of  some  of  the  dielectric  experiments,  single 
pulses  of  selected  period  were  electronically  isolated  and  applied  to  the  ER 
fluid.  e 

The  rheological  properties  of  ER  fluids  under  pulsed  fields  were  measured 
using  a  modified^  Carri-Med  controlled  stress  heometer  with  a  Couette  cell. 
Here  the  applied  field  (E)  was  in  the  form  of  a  continuous  train  of  rectangular 
pulses  and  applied  to  the  rheometer  cell  when  driven  under  a  constant  stress, 
so  that  any  affect  of  a  time  varying  field  was  reflected  in  real  time  by  the 
variation  of  the  angular  velocity  ca . 

Optical  mio^oscopic  studies  of  fibrillation  were  undertaken  using  Leitz  Laborlux 
microscopic  set  at  I6x  magnification.  The  ER  fluids  were  placed  in  1  mm  wide 
channels  formed  by  fixing  stainless  steel  electrodes  on  the  surface  of 
microscope  slides  with  the  ends  and  upper  surface  of  the  channels  unsealed. 
Because  of  the  high  turbidity  of  the  ER  fluids,  optical  visualization  was  only 
found  possible  for  dilute  dispersions  (<1) «  5%)  even  with  the  shallow  layers  of 
fluids  used. 

3.  Results  and  Discussion 

3. 1.  Dielectric  changes  of  quiescent  ER  fluids  caused  by  the  application  of 
electric  fields. 

We  have  already  reported*  that  an  electric  field  has  the  effect  of  enhancing  e' 
of  an  ER  fluid  and  also  causes  a  shift  in  its  dielectric  relaxation  frequency  f^. 
Further  investigations  have  shown  that  these  changes,  which  were  ascribed  to 
structure  formation  under  field,  are  very  persistent  when  the  field  is  removed 
and  depend  upon  the  way  the  field  is  applied.  The  dielectric  spectra  shown  in 
Fig.  1  illustrates  the  long  term  stability  of  such  ER  fluids  which  makes  possible 
post-field  dielectric  measurements  on  quiescent  ER  fluids,  thereby  removing  the 
need  for  the  protecting  circuitry*  between  dc  source  and  impedance  bridge  in 
such  cases. 

The  persistence  of  this  effect  in  the  absence  of  mecJianical  agitation  is  not 
surprising  considering  the  very  small  Brownian  diffusion  path  that  particles  of 
this  size  undergo  at  ambient  temperatures.  Much  less  expected  was  that  the 
method  of  applying  the  field  affected  the  dielectric  outcome  as  shown  in  Fig.  1 
and  also  illustrated  in  Fig.  2  where  Cole-Cole’*  representations  are  given. 
Applying  a  dc  field  in  one  step  induces  a  much  larger  increase  in  permittivity 
than  doing  so  in  smaller  incremental  stages.  That  this  effect  was  not  due  to 
any  insufficiency  of  time  tor  the  changes  to  occur  was  established  by  allowing 
the  system  to  come  to  dielectric  equilibrium  as  shown  by  the  constancy  of  its 
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Pig.  1 .  The  relative  permittivities  (i;')  end  dielectric  losses  (r.'‘)  as  a  function  of  frequency  (f) 
of  a  20%  PAnQR/silicona  ER  fi^'id.  □  shows  the  behaviour  before  the  application  of  a  field,  O 
the  result  of  a  IkVmm  '  field  applied  In  one  step  and  &  the  effect  of  building  up  that  field  in 
staged  tOOVmm'  increments.  Filled  points  refer  to  measurements  made  with  the  final  field 
present  and  open  points  with  the  field  removed  but  the  flu'd  left  mechanically  undisturbed.  The 
viscosity  of  the  silicone  oil  was  98  mPas. 


Fig.  2.  Cole-Cole  plots  for  a  20%  PAnQR/sIlieone  Ei^  fluici  with  no  field  (Cl )  and  after  1 
kVmm  '  applied  as  a  single  step  (O)  and  in  multiple  100  Vmm  '  steps  (a).  Tho  base  viscosity 
of  the  silicone  oil  was  98  mPas.  Cole-Cole  parameters  a  were  0.412,  0.428  and  0.432 
respectively.  The  dielectric  increment,  Is  the  diuerence  in  a'  between  tho  iovv  and  high 
frequency  values  for  the  dielectric  process  under  consideration  and  corresponds  to  tho  length 
of  the  Cole-Cole  arc. 
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Fig.  3,  Tho  development  of  columnar  structures  under  electric  fields  (voltage  over  a  1  mni  gap 
quoted)  for  a  «  5%  PAnQR/silicone  ER  fluid.  Observed  microscopically  when  tho  field  had 
been  applied  "all  at  once"  (upper  plates)  or  in  steps  of  0.2,  0,3,  0.5, 1  and  a  further  1  kV  (lower 
plates)  with  equilibrium  having  been  individually  achieved  in  the  single  step  and  each  of  the 
stages  of  the  multi-step  aiternative  methods.  The  viscosity  of  the  silicone  fluid  was  98  mPas. 
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Fig.  4.  The  effect  of  ettering  volume  fraction  of  particulates  on  the  fie(d  <E)  dependence  of 
dielectric  incrertrent  (As*)  for  some  PAnQR/ailicone  based  fluids  when  the  field  Is  appllad  as  a 
single  step.  Open  p^nts  relate  to  M  mPas  siHcone  oil  whilst  solid  points  show  data  obtained 
using  20,  96  or  490  rrPas  silicone  oil. 

impedance  under  field.  The  phenomenon  must  reflect  the  development  of 
differing  dielectric  states  and  consequent  variations  in  the  stnjctuiing  of  the 
particles  when  the  fie.  J  is  applied  in  these  differing  ways.  That  this  is  indeed 
the  case  is  confirmed  b'/  optical  microscopy  studies  on  thin  smears  of  more 
dilute  but  otherwise  ik^orttical  ER  fluids.  Fig.  3  shows  examples  of  this  diversity 
of  structures  which  as  far  as  we  are  aware  has  not  previously  been  recognized 
although  the  formation  of  columns  is  a  known  outcome  of  fielding  ER  fluids*. 
Our  observations  indicate  that  the  incremental  field  application  leads  to  a  much 
coarser  columnar  structuie  and  that  building  the  columns  "all  at  once"  causes 
more  of  these  to  develop  but  that  they  are  thinner.  Since  the  dynamics  of  the 
growth  process  must  involve  a  self  diffusion  of  particles  from  an  initially 
uniformly  distributed  source,  ttie  explanation  for  these  differences  in  behaviour 
could  be  the  consequence  of  differences  in  the  effective  capture  distance  and 
force  fields  involved  in  these  differing  fielding  regimes.  A  full  analysis  of  this 
would  require  modelling  the  nucleation  and  growth  of  columns  under  these 
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Fig.  7.  The  effect  of  varying  the  method  of  field  (E)  application  on  the  relaxation  fret^uency  (f,^. 
Open  points  indicate  single  step  and  closed  points  that  the  field  was  incremented  at  1 00  Vmm  ' 
steps. 

differing  fielding  conditions.  If  the  optical  observations  and  thedielectric 
differences  havo  common  origins,  then,  following  suitable  analysis,  the  build  up 
of  these  structures  could  be  monitored  by  permittivity  measurements:  thinner 
columns  leading  to  higher  permittivities  than  thicker  ones. 

The  dielectric  changes,  reflected  in  the  dielectric  spectra  and  Cole-Cole  plots, 
can  conveniently  be  quantified  in  terms  of  Ac'  obtained  as  the  arc  length  of  the 
Cole-Cole  plot  and  fp  obtained  either  directly  from  the  spectra,  if  the  maximum 
in  loss  is  visible,  or  by  numerical  analysis  of  the  frequency  for  maximum  loss 
obtained  from  the  Cole-Cole  arcs.  It  is  then  possible  to  study  how  these 
parameters  vary  with  E,  <P  and  q  under  alternative  fielding  regimes  (Figs  4  to 
7).  Ti  has  little  effect  on  Ar>'  and  the  underlying  structure  formation,  but  <P  does 
have  an  effect  on  the  dielectric  spectra  and  derivable  As'  and  fp.  In  situations 
where  the  intensity  of  the  dielectric  spectra  are  simply  the  result  of  additive 
contributicns  from  components,  spectra  plotted  in  terms  of  AeVO  would  follow 
a  common  locus.  Further,  with  dispersions  involving  particles  whose  sizes  are 
much  larger  than  molecular  dimensions,  one  would  expect  all  polarizations 
involving  the  constituent  molecular  dipoles  to  occur  at  the  same  relaxation 
frequencies  regardless  of  <I>.  As  Figs  6  and  8  show  this  is  far  from  the  case 
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with  fluids  which  have  not  been  structured  under  fields  but  is  approached  when 
fields  are  applied  to  enhance  Ae'/  Ii  and  reduce  f^. 


f/Hz 


Fig.  8.  The  variation  of  Ae7<D  with  frequency  (0  for  PAnQR/siUcone  at  various  0)  [5  (O),  10  (□), 
20  (a)  and  35%  (v)  when  no  field  Is  applied  (solid  points)  and  1  kVmm''  had  been  applied  as 
a  single  step  (open  points).  The  viscosity  of  the  siUcane  oil  was  98  mPas. 


With  the  PAnQR  (conductance  o«i  10"*  Sm’’)  ba.sed  fluids  studied  here  and 
probably  in  many  if  not  all  cases  of  effective  ER  fluids,  the  polarization 
mechanism  is  likely  to  be  interfadal  with  electronic  charge  migration  to  the 
particle-fluid  boundary  being  the  probable  polarizing  mechanism.  The  dielectric 
outcome  for  sucli  interfrdal  polarization  processes  have  been  extensively 
modelled  with  the  simplest  and  most  apposite  being  that  due  to  Wagner’®, 
dealing  with  a  dilute  dispersion  of  spheres  and  that  of  Sillars”,  particularly  in 
his  treatment  of  conducting  cylinders  embedded  in  an  insulator  and  aligned 
along  the  field  direction.  The  former  could  reflect  the  unstructured  state  before 
fielding  since  the  PAnQR  partides,  although  by  no  means  regular  spheres,  are 
not  very  anisometric.  If  columnar  structures  form  under  field  then  the  Siliars' 
model  has  some  similarities  to  the  structured  state  which  however  is  based  on 
more  irregular  structures  than  simply  unifonn  cylinders  in  array,  These  m'^dels 
indicate  that  for  the  same  <I>,  Ae*  is  much  larger  with  normally  aligned  cylinders 
rather  than  with  a  dispersion  of  spheres  which  fits  in  well  with  observed 
behaviour.  However  for  dilute  conditions  to  which  both  analyses  were 
restricted,  the  models  predict  that  Ac'  is  proportional  to  <I)  and  f,,  is  independent 


12 


Of  <I).  Concentration  dependant  effects  on  Ae'  or  fp  are  often  associated  with 
interactions  between  polarizing  regions  which  depend  on  their  separation  and 
thus  concentration.  Relating  this  to  ER  fluids  we  note  that  in  the  absence  of 
field  the  interfadal  proces'-  is  limited  to  isolated  particles  in  much  nearer 
proximity  than  between  columns  when  these  form  the  polarizing  entities  via 
particles  in  some  degree  of  electrical  contact.  This  could  explain  why 
concentration  effects  due  to  coupling  tend  to  dissappear  under  field  when 
structuring  has  occurred  (Fig  8). 

Although  the  expected  increase  in  Ac'  and  drop  in  fp  is  seen,  in  other  respects 
the  simple  Sillars'  model  Is  daficient.  There  is  nothing  in  that  analysis  which 
predicts  that  cylinder  diameter  or  spacing  has  any  influence  on  the  dielctric 
spectra  once  the  concerlration  of  cylinders  is  fixed,  and  thus  the  model  fails  to 
address  the  variation  of  dielectric  behaviour  with  field  strength  and  application 
history,  which  on  visual  evidence  is  due  to  differences  in  column  girth  and 
spacing.  Furthermore,  in  applying  the  Sillars'  model  to  the  present  situation 
no  precise  meaning  is  attached  to  his  end  capacitance  caused  by  the  "gap" 
between  a  cylinder  and  its  near  electrode,  nor  to  the  internal  capacitance  of  the 
"cylinder".  With  a  structured  ER  fluid  the  columns  are  built  up  of  contacting 
particles  which  Introduce  radial  and  axial  contact  resistances  and  capacitances 
within  the  columns,  as  well  as  doing  so  at  their  junction  with  the  electrodes. 
There  will  also  be  inter-column  capacitative  effects  which  would  become  more 
important  the  closer  the  columns  are  stacked,  that  is  with  higher  concentration 
or  with  thinner  structures  located  closer  to  each  other.  Both  Internal  contact 
and  inter-columnar  impedances  would  change  with  the  level  and  mode  of 
application  of  the  field  if  the  visual  observations  on  thin  layers  of  dilute  fluids 
are  any  guide  to  the  structuring  which  occurs.  The  effects  within  the  columns 
would  dominate  over  inter-column  effects,  whicti  however  should  not  be 
naglected  as  they  are  involved  in  the  different  dielecMir,  outcomes  of  the 
alternative  fielding  methods  which  gives  rise  to  the  structure  variation.  To 
quantify  the  effects  on  such  a  basis  requires  numerical  modelling  of  the  network 
impedances  of  contacting  lattices  of  particles  for  the  columns  and  the  inter- 
column  Impedances  for  arrays  of  these  which  finally  approximates  to  the 
structured  fluid  as  a  whole. 


3.2.  Dielectric  measurements  following  the  application  of  pulsed  fields. 


In  order  to  study  some  of  the  dynamics  of  the  structuring,  fields  of  a  single 
pulse  were  applied  for  a  predetermined  tirrie  (10^  s  x  s  10’ s)  and  the  dielectric 
properties  measured  afterwards,  this  being  possible  because  of  the  long  term 
stability  of  such  structured  ER  fluids  when  left  undisturbed  .  Figs.  9, 10  and  1 1 
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that  for  very  short  pulses  structuring  does  not  occur  and  that  full  structuring  can 
only  be  achieved  if  the  field  is  applied  for  long  enough.  For  intermediate  x,  an 


Fig.  9  The  variation  of  for  a  20%  FAnQR/sllicona  £R  fluid  with  pulse  duration  (t)  for 
selected  E:  0.2  k\/mnfi''(0).  0.5  kVmm''(s),  1  kVmm''(^  and  2  kVmm''(D).  Dispersions  In  08 
mPas  silicone  oil. 


Fig.  10  The  variation  of  Os'  for  PAnQR/siUcone  ER  ftuids  at  various  <I>  with  1  kVmm  '  pulses 
of  duration  T.  Ip;  O  >  S,  s>10,  v' 20  and  □-35%.  Dispersions  in  98  mPas  silicone 
oil. 


15 


incomplete  attainment  in  As'  occurs  and  this  reflects  the  incomplete  structuring. 
Thus  the  levels  of  Ae'(T)  as  a  function  of  pulse  duration  provides  a  method  for 
monitoring  the  dynamics  of  the  structuring,  with  increasing  E  or  <P  or  decreasing 
n  speeding  up  the  process.  In  order  to  aid  quantification  of  these  effects  we 
start  by  defining  a  time  scale  in  terms  of  the  period  which  would  establish 
50%  of  the  equilibrium  As'  level.  Fig.  12  shows  how  varies  with  E,  <I)  and 
n  for  silicone  based  PAnQR  fluids.  Forced  diffusion  towards  structuring  would 
appear  to  be  the  underlying  mechanism  as  confirmed  by  the  following  simple 
analysi':. 


Fig  13.  The  data  of  Fig.  as  a  function  of  Least  mean  square  line  shown  solid 

whilst  best  fit  with  unit  siope  shown  broken. 
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Fig  14.  Master  plot  of  normalized  permittivity  data  for  PAnQR/sllicone  fluids  using  scaled  x. 
Ae'(x),  Ae'(0),  and  Ag'(<»)  are  the  dielectric  increments  after  applying  the  field  E  as  a  single 
step  for  time  t  and  at  the  limits  x  ->  0  and  x  oo.  Respective  values  for  E/kVmm  ',  d>  and 
i^/mPas  Indicated  by  the  following  points:  •  ■  1,0.05,98;  0  =  1,0.35,98;  *  =  1,0.2,490, 
4-1 ,  0.2,  20; T  =  0.5,  0.2,  98;  v  =  2,  0.2,  98;  ■  »  0.2,  0.2,  98;  □  =  1 ,  0.2,  98  and  ♦  =  1 , 0. 1 , 98. 

The  force  arisi'ss  because  of  the  induction  of  dipoles  by  the  field  'tnd  would  lead 
to  pairwise  interactions  whose  magnitude  at  largf  nter-partide  separations  r 
would  contain  terms  of  the  form  P(t)Vr'‘,  where  P(t)  describes  the  oolarization 
developed  since  the  pulse  started  at  t  =  0.  Because  the  dispersior.s  are  not 
always  dilute  and  because  the  act  of  structuring  itself  causes  a  time  dependent 
reduction  in  r,  the  above  term  would  only  indicate  a  leading  term  in,  what  then 
becomes  a  multipole  time  dependent  pairwise  problem.  Nevertheless  P(t)Vr^ 
should  serve  as  a  scale  for  characterizing  the  force,  which,  with  P(t)  a.  E  anrl 
the  mean  separation  of  particle  centres  scaling  as  at  the  start  cf  the 
process,  gives  a  force  scaling  as  In  this  we  have  ignored  the  time 

dependence  of  polarization  which  could  be  allowed  for  by  time  averaging  using 
the  frequency  dependence  of  e',  but  ir.  the  light  of  the  other  approximations  and 
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the  fact  that  <  (27tfp)'^  this  is  needlessly  complicated,  particularly  as  the 
dependence  would  remain.  The  inter-particle  force  causes  particle  motion 
whose  velocity  «  force/ri,  so  thai  any  characteristic  period  to  cover  a  selected 
distance  becomes  a  function  of  r|<l)“^E'^  and  x^  should  scale  with  this.  Fig.  13 
shows  that  this  is  indeed  the  case  with  the  experimentally  deteimined  best 
straight  line  shown  having  a  slope  of  -1.02  ±0.10  which  at  a  90%  confidence 
level  encompasses  the  expected  unit  negative  slope.  Scaling  individual  pulse 
data  to  E*<I>'^ti  '  and  the  extent  of  structuring  in  terms  of  the  achievable 
polarization  levels  measured  in  terms  of  the  step  in  As'  between  very  short  and 
very  long  pulses  has  then  enabled  us  to  construct  a  master  plot  for  alt  the  data. 
This  is  shown  in  Fig.  14  in  which  explicit  values  for  E.  <I>  and  ti  are  subsumed. 

3.3.  Rheology  under  pulsed  fields. 


Fig  15.  The  response  in  terms  of  the  angular  veioctty  (<0)  of  a  rheometer  driven  at  25  or  50 
mNm  set  torques  and  containing  a  35%  PAnQ:  dispersion  in  98  mPas  silicone  oil.  The  ER 
fluid  is  being  energized  by  rectangular  puiseo  fields  of  period  x  with  each  upper  curve 
corresponding  to  the  response  to  the  trough  (0)  and  iower  curve  to  the  peak  (2  kVmm '')  field. 
The  dashed  Nnes  show  the  levels  of  cd  in  the  total  absence  of  field  and  the  position  of  the 
arrow  Indicates  the  dielectric  relaxation  time  for  the  system  In  that  case. 
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In  flow,  fibrillation  is  partial  and  dynamic  and  even  the  polarization  of  particles 
can  become  shear  rate  (y)  as  well  as  field  frequency  dependent,  thus  effecting 
the  interacting  dipolar  fcrces.  However,  provided  the  vorticity  of  the  flow  field 
is  not  so  high  as  to  interfere  with  the  ability  of  the  particles  to  polarize,  a  level 
of  induced  dipolar  interactions  persist,  which  by  resisting  the  action  of  the  flow 
cause  the  phenomenon  of  ER,  even  though  extensive  fibrillation  is  absent.  A 
fluid  with  useful  ER  behaviour  is  one  in  which  these  forces  are  rapidly  switched 
in  flow  and  persist  at  high  y.  ER  fluids  vary  in  these  respects  and  it  Is 
important  that  dynamic  shear  data  and  electrical  response  times  be  examined 
if  a  fluid  is  to  find  practical  application. 

Investigations  have  already  shown  that  our  PAnQR  based  ER  fluids  have  a 
rapid  response  to  pulsed  fields*,  much  faster  than  the  time  scale  for  the  full 
columnar  structuring  discussed  above,  and  this  reflects  the  shorter  time  scale 
for  forces  to  switch  compared  to  the  time  scale  needed  to  build  columns  in 
quiescent  fluids.  Furthermore,  the  pulsed  field  rheology  alluded  to  ran  into  the 
practical  difficulty  that  the  inertia  of  the  rheometer  bob  often  dominated  the  lag 
of  the  rheometer  to  individual  pulses  of  the  applied  field. 

This  problem  is  visible  in  Fig.  15  which  also  shows  that  by  varying  the 
frequency  o^  regular  rectangular  pulses  the  critical  period  for  the  ER  response 
in  flow  can  nevertheless  be  icienUfied;  not  via  a  lag  in  response  to  an  individual 
pulse,  which  is  dominated  by  the  inertia  of  the  rheometer,  but  as  a  change  in 
the  time  averaged  nature  of  tne  flow.  That  figure  shows  co  measured  at  times 
corresponding  to  the  trough  {upper  curves)  and  peak  (lower  curves)  of  the 
applied  unidirectional  rectangular  pulsing  fioid  when  a  35%  PAnQR/silicone  ER 
fluid  is  the  substrate.  Two  different  drive  torques  (25  and  60  mNm"’)  under 
2kVmm  ’  poak-to-peak  fields  were  applied.  Levels  of  co  In  the  absence  of  field 
under  these  torques  are  shown  by  the  broken  lines.  As  fluid  dynamic  analysis 
confirms,  the  switching  between  field  restricted  and  field  free  flow  which  sets 
in  below  100  Hz  is  dominated  by  the  inertia  of  the  rheometer  and  only  becomes 
totally  effective  at  pulse  frequencies  less  than  10  Hz.  For  frequencies  >100 
Hz  there  is  no  corresponding  time  resolved  variation  of  co  visible,  rather  the 
response  of  the  rheometer  is  time  averaged  to  a  mean  level.  However,  there 
are  differences  in  that  mean  level  under  differing  levels  of  torque.  At  the  lower 
torque  and  consequent  a,  the  rotation  does  not  revert  to  the  field  free  case 
even  when  pulses  as  short  as  lO'^s  are  used  to  energize  the  fluid,  but  at  the 
higher  torque  and  cxinsequent  faster  flow  such  reversion  is  shown.  Here  a 
more  pronounced  drop  in  ER  effect  starts  at  field  "on"  times  which  correlate 
with  the  dielectric  relaxation  time  under  that  field  (marked  by  the  arrow  in  Fig. 
15)  and  progresses  until  ut  10“*  s  pulse  duration  co  regains  the  field  free  value 
within  experimentai  error.  This  is  evidence  that  the  faster  flow  in  combination 
with  the  limited  time  for  polarization  destroys  the  polarization  and  consequent 
interactions.  This  data  also  shows  that  the  fluid  under  test  is  also  an  effective 
one  with  an  ability  to  respond  rapidly  at  high  shear  rates. 
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4.  Conclusions 

We  have  shoiA^n  that  dielectric  measurements  on  £R  fluids  can  provide  an 
insight  into  the  fieid  induced  structuring  in  the  buik  state  and  the  dynamics  of 
this  process.  The  time  scaies  involved  for  such  large  scale  ordering  are  longor 
than  the  dynamic  response  of  the  ER  fluid  in  flow  so  that  one  can  conclude  that 
there  are  at  least  two  characteristic  time  scales  involved  in  ER  behaviour;  a 
long  time  structuring  process  relevant  in  the  main  to  the  Bingham  state  and  a 
dynamic  response  which  reflect  the  polarization  and  consequent  interactive 
forces  between  the  dipersed  particles. 

The  types  of  study  described  provide  methods  by  which  the  physics  of  the 
phenomena  may  be  probed  and  correlated  with  chemical  and  physico-chemical 
attributes  of  the  materials  which  go  into  ER  fluid  formulations.  That  is  an 
important  aspect  of  the  described  investigations.  However,  another 
phenomenon  has  come  to  light  in  the  observation  of  the  substantial 
enhancements  of  the  permittivities  of  still  ER  fluid  when  fields  are  applied.  This 
together  with  their  stability  may  lead  to  non  rheological  application  for  ER  fluids 
or  composites  derived  from  them. 

Finally  there  remains  the  question  of  the  types  of  structure  which  build  up  under 
various  fielding  regimes.  We  have  shown  that  dielectric  measurements  may 
well  provide  a  method  of  probing  these,  provided  satisfactory  models  relating 
structuring  parameters  to  permittivity  can  be  developed.  Success  in  such  an 
analysis  would  provide  data  on  the  structuring  of  ER  fluids  in  still  conditions  and 
might  well  lead  further  to  include  shorter  range  ordering  under  conditions  of 
flow.  The  dielectric  "visualization"  which  could  result  thereby,  using  measured 
dielectric  data  in  flow,  would  provide  much  useful  data  for  the  dynamic 
modelling  of  ER. 
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1.  Introduction 

Phenomenologically,  the  ER  [!]  and  MR  [2]  effects  arc  close  in  character  but 
fundamentally  different  in  the  physical  nature  of  the  mechanisms  responsible  for  structure 
formation.  Each  of  these  mechanisms  has  characteristic  advantages  and  disadvantages. 
However,  common  to  both  effects  is  their  ability  to  saturation  And  what  is  more,  it 
would  be  beneficial  to  extend  the  po.ssibilities  for  structure  control  using  two  independent 
physical  channels 

2,  Description  of  MER  Fluids  and  Experimetilal  Setup 

The  main  problem  on  preparing  a  dual  (luid  coitsisis  in  spccilymg  the  procedures 
of  matiufacturing  a  dispersed  solid  phase  sensitive  both  to  electric  and  magnetic  iiclds 
One  of  the  procedures  was  based  on  coating  a  ferromagnetic  particle  suilacc  with  an 
electrorhcologically  active  layer  Non-colloidal  y-iron  oxide  (l'e203)  particles  (  0  6-1  pm 
in  mean  size)  were  selected  as  a  ferromagnetic  dispersed  phase  (Pig  I)  An  amine- 
containing  activator  was  applied  over  a  particle  surface  to  provide  the  sensitivity  to  an 
electric  field 

Transformer  oil  served  as  a  carrier  fluid.  Sedimentation  and  aggregation  stability  of 
a  fluid  was  gained  by  using  a  stabilizing  addition  (high-dispersed  activator-treated  colloid) 
forming  witliin  a  volume  of  a  matrix  that  prevented  tlie  sedimentation  of  lieavy 
ferroparticles  and  their  coalescence.  The  matrix  did  not  hinder  the  approach  and 
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interaction  of  particles  being  formed  their  structure,  was  easily  deformed  under  a  shear, 
and  was  reconstructed  at  a  stop. 

To  conduct  rheological  measurements  when  a  MER  fluid  is  under  separate  and 
combined  electric  and  magnetic  fields  a  -special  co-cylindrical  viscometric  bell-type  cell 
(Fig  2)  serving  as  an  attachment  to  torque  meter  I  (TM)  of  the  viscometer  RV-12 
manufactured  by  Firm  “MAAKE"  has  been  designed.  The  cell  contains  metal  fixed  cup  2 
and  rotating  bell  3  located  in  the  cup  cavity.  The  cup,  with  its  outer  surface  coated  with 
electrical  insulating  layer  4,  Is  slipped  over  the  core  of  magnetic  field  inductor  5  and  is 
connected  to  high  voltage  supply  (HVS)6  The  bell  is  earthed  Milliampcrmeter  7  in  the 
earthed  circuit  is  meant  for  determining  fluid  electrical  conductivity  in  the  cell  Inducioi 
coil  8  is  connected  to  DC  supply  (DCS)9.  The  MER  fluid  is  placed  into  the  cup  cavity  and 
TM  is  connected  with  the  bell  shaft.  When  FM  rotates  in  a  gap  between  the  hell  and  the 
cup  the  Couette  flow  is  achieved  'flic  magnetic  and  electric  fields  arc  applied  wlicn  DCS 
and  11  VS  arc  switched  on  separately  or  .simultaneously.  In  this  case,  the  force  lines  of  the 
fields  arc  normal  to  the  shear.  In  experiments,  measurements  have  been  made  of  shear 
stress,  T,  at  varying:  magnetic  field  intensity  ll-'(0-80)  kA/m,  a  c.  (50  Hit)  field  stiength 
E  (0-1)  kV/mm,  shear  rate  y  •  (6-445)  .s'*,  and  volume  coiiceniralion,  ip  (2,  6,  H,  I0)%,  of 
activated  y-Fc2C)i  particles 

?>.  Measurement  Results 

At  the  firsi  stage,  an  optimal  amount  of  the  activating  addition  in  the  ferromagnetic 
powder  has  been  determined.  From  experiment  it  has  been  found  that  a  relative  viscous 
stress  increment  (T-tQ)/!^  (Tq's  are  the  viscous  stresses  under  no  fields)  vs  weight 
concentration  of  the  activator  at  an  electric  field  and  at  magnetic  and  electric  fields  has  a 
maximum  around  13%  Available  extremal  concentration  is  associated  with  the  fact  that 
with  small  additions  the  activator  volume  is  insufficient  to  completely  coat  the  particles 
and  to  create  optimal  conditions  for  charge  transfer  and  buildup;  in  our  ease,  large 
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additions  have  reduced  the  MFR  fluid  quality,  thus  causing  particle  coalescence  and 
coarse  conglomerate  formation. 

Further,  the  MER  fluid  containing  an  optimal  amount  of  the  activator  on  the 
particles  has  been  used. 

Rlicological  measurements  have  shown  that  under  no  fields  tlie  MER  (luid  behaves 
as  a  linear  viscoplastic  medium  with  a  small  yield  ooint,  t„  .occurring  due  to  the  available 
stabiliiier  (Fig. 3).  The  magnetic  field  gives  rise  to  owing  to  structure  formation  in  the 
MER  fluid  and  results  in  the  nonlinear  behaviour  of  (y)  at  small  and  moderate  shear 
rates  characteristic  of  MR  fluids.  At  an  electric  field  the  MER  fluid  flow  curve  is  similar  to 
the  traditional  ER  fluid  one. 

Under  two  combined  fields,  viscous  stresses  in  ER  fluid  Ilow  niuch  grow.  As  this 
takes  place,  it  should  be  especially  noted  that  first  the  flow  curve  is  almost  parallel  to  the 
y-axis  and  this  is  vei^  convenient  for  control  o'"  such  fluid  flow;  second,  values  of  T||,|.. 
exceed  a  sum  of  t||  and  X|i  especially  at  small  shear  rates.  Growing  the  dispersed  phase 
concentration  yields  an  expected  linear  increase  of  the  shear  stress  increment.  At  ,  under 
separate  fiolds,  and  under  combined  fields  the  relation  AT=f  (ip)  is  quadratic  in  nature 
(l'ig.4). 

4.  Visualization  Procedure 

As  mentioned  above,  the  MER  Iluid  refers  to  a  class  of  dispersed  Iluids  being 
formed  their  structure  under  external  physical  fields  The  rheological  behaviour  of  such  a 
system  is  determined  through  the  charactcri.stic  of  a  microstructurc  formed  by  a  dispersed 
phnse  panicle  field.  In  doing  so,  of  dominant  role  arc  the  strength,  packing  density,  shape, 
and  mutual  arrangement  of  structural  elements,  as  well  as  the  dynanfics  of  their  break  and 
foiiualion  in  the  shear  ilow.  The  essential  difference  in  the  flow  curves,  concentration 
dependences,  and  the  availability  of  the  supcrtotal  effect  point  to  qualitative  differences  in 
microsiructures  formed  under  electric,  magnetic  and  combined  fields. 
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For  visualization  of  the  processes  to  occur  in  MER  fluid  flow  the  setup  (Fig.  5)  has 
been  designed  to  visualize  on  tlie  monitor  and  to  make  a  video  fllin  of  a  200-fold 
magnification  structure  formation  picture  in  creep  flow  of  low-concentrated  (transparent) 
fluids  in  a  narrovy  rectangular  (0.5x2.0)mir.  channel  between  high-volt  electrodes  disposed 
in  a  magnetic  field,  allowing  the  mutual  orientation  of  the  force  lines  of  two  field  to  be 
changed. 

Visualizations  have  shown  that  the  electric  field  (Fig  6a)  ind'.ices  relatively  thin  and 
fine  structural  chains  that  “intergrow"  through  the  entire  gap,  continuously  break,  and 
appear  with  a  frequency  correlating  with  the  shear  rate. 

Under  a  magnetic  iield  (Fig  6b)  separate  densely  packed  elongated  practically  non¬ 
interacting  aggregates  are  formed,  liaving  a  very  small  (close  to  point)  contact  area  with 
the  wall. 

Under  combined  fields  (Fig.6c)  there  exists  a  system  of  densely  packed  aggregates 
that  intergrow  through  the  gap.  Tlieir  contact  with  the  wall  occurs  through  a  set  of 
"branches". 

Under  crossed  fields  oriented  along  the  magnetic  field  (and  channel  axis)  separate 
aggregates  unite  in  a  fine  cellular  structure  connected  with  the  electrodes 

Thus,  combining  two  mechanisms,  namely  iiiagnctodipole  interaction  of  a  particle 
ferromagnetic  base  and  formation  of  chains  necessary  for  charge  tiansibr  and  buildup  on 
the  activated  particle  surface  gives  rise  to  a  qualitatively  new  iiiiciostruciuic  responsible 
for  the  above  MER  fluid  properties 

5.  Concluding  Remarks 

The  complex  of  the  rheological  MER  fluid  properties  to  some  extent  hinders  the 
analysis  and  estimation  of  the  obtained  results.  Owing  to  this,  an  attempt  has  been  made  to 
present  all  numerous  experimental  data  in  a  unique  generalized  form.  Phenomenologically, 
a  relative  viscous  stress  increment  (t-t,,)/t„  or,  what  amounts  to  the  same  thing  -  a 
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characteristic  viscosity  [»l]=(n-1,.yil(.,  with  the  MUR  fluid  flowing  under  a  field  (or  fields) 
depends  on  a  strength,  geometric  dimensions,  and  orientation  of  elements  (partie'e 
aggregates)  of  a  microstructure,  as  well  as  on  the  magnitude  of  an  electric  charge  of 
particles  (or  aggregates),  charge  tran.sfcr  velocity,  and  a  collision  frequency  of  separate 
elements  of  the  microstructurc  during  charge  transfer  under  a  shear. 

Logically,  it  may  be  assumed  that  under  all  other  things  being  equal,  the  above 
physical  paranteters  depend  on  the  ratio  of  electric  and  magnetic  field  energy  per  unit  IluitI 
volume  to  the  hydrodynamic  energy  of  shear  flow  per  unit  volume.  Such  an  energy  ratio 
can  be  presented  in  the  form  of  the  inodificd  Mason  number  as 

Pi,lll  Mxoli^ 

S  . . ■ 

'loY 

where  |.i„  '  I  256-  lO'**  (in/m,  and  Eq  H  US  Kl'l  KP/N  in^  are  the  magnetic  and  dielectric 
permittivities,  respectively,  I  is  the  MUR  fluid  saturation  magnetization,  i;  is  the  relative 
dielectric  permittivity  of  the  MLR  fluid 

Note  that  the  complex  S  contains  all  assigned  parameters  of  shear  MUR  fluid  flow 
under  magnetic  and  electric  fields.  To  determine  S,  the  known  procedures  have  been 
adopted  to  measure  real  values  of  1  and  e  of  MliR  fluid  samples.  Values  of  the  relative 
dielectric  permittivity  for  an  appropriate  concentration  have  been  taken  at  electric  field 
frequencies  close  to  the  ones  used  in  rheological  experiments 

figure  7a  plots  tlic  characteristic  concentration  -  normalized  viscosity  vs  complex 
S  for  a  small  sampling  experimental  data.  Points  on  the  plot  are  broken  down  into  tlirec 
lines  according  to  three  variants  of  the  external  action:  electric  field  alone;  magnetic  field 
alone,  two  combined  fields  To  our  mind,  the  reason  for  such  a  scatter  may  be  as  follows 
In  the  expression  for  electric  field  energy  the  complex  S  is  ba.sed  on  the  classical 


polarization  meclianism.  However,  for  example,  in  the  experiments  13]  it  is  shown  that  the 
strength  of  a  model  ER  fluid  chain  (and  this  means  the  UR  effect)  is  determined  not  by  the 
dipole-dipole  interaction  of  polarized  particles  but  by  the  conditions  for  charge  transfer 
and  buildup.  The  measured  strength  of  the  dielectric  particle  chain  by  an  order  of 
magnitude  exceeds  the  one  measured  by  the  polarization  model. 

In  this  connection,  we  have  included  some  dimensionless  coctlicient  C  allowing  I'or 
the  above  disagreement  into  the  complex  S  A  new  writing  of  the  complex  will  be  as 

H„llli(;BF.Ei 

S+  . 

Uo? 

In  a  general  case,  the  coefficient  C,  must  be  a  complex  limctimi  of  a  number  of  the 
parameters  wliich  characterize  electrophysical  processes  in  the  MER  iluid, 
physicochemical  properties  of  components,  etc  but  having  regard  to  cited  cxitcrimeius 
and  our  estimates  the  mean  value  of  has  been  taken  equal  to  21) 

As  seen  from  Fig. 7b,  on  the  Ig  [tilAp-  IgS*  coordinates  the  experimental  points  fall 
on  one  line  with  a  sufficient  accuracy. 

Thus,  the  generalization  of  all  experimental  results  by  a  unique  relation  supports 
the  reasonable  use  of  the  complex  S*  as  a  determining  parameter  and  points  to  the 
correctness  of  our  ideas  of  the  mechanism  of  micropioccsses  in  the  MER  Iluid  under 
fields,  at  least,  on  a  qualitative  level  In  addition,  such  a  universal  relation  allows  the 
mechanical  properties  of  a  fluid  to  be  predicted  with  reasonable  sim|)licity  in  a  specific 


process. 
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ABSTRACT 


I’rclimiiiiiry  oxpcriinciiU  on  slurrios  of  aluinimiiii  powdcrii  in  liquid  nitrngi'n 
fiiul  significant  clcctrorlicological  (ER)  effect.  Tliongh  the  alinninuin  particles  have 
an  insulate  oxide  surface,  they  still  have  a  small  conductivity  which  iimkcs  an  ac 
field  much  more  clfective  than  a  dc  field  in  producing  the  ER  effect.  Applications 
of  cryogenic  ER  fluids  to  rocket  fuels  are  also  discussed. 

I.  Introduction 

Elcctrorlicological  (ER)  effects  at  cryogenic  temperatures  can  have  valuable  ap¬ 
plications  as  well  as  offering  new  avenues  for  scientific  .study. 

Titc  liasc  liquids  in  all  of  the  ER  fluids  used  or  studied  in  the  past'"'*  will 
frecitc  at  temperature  not  too  far  below  300  K.  In  those  wet  Ell  materials  where  the 
dielectric  particles  contiiin  water,  the  ER  effect  generally  disappears  below  273  K. 
Though  the  dry  ER  materials  have  the  ER  effect  in  a  wider  tempi'ratuie  range  than 
the  wet  ER  materials,  no  experiments  luive  ever  been  reported  about  the  ER  effect 
far  helow  273  K,'“^  The  truly  cryogenic  ER  fluids  should  operate  at  temperature 
~  100  K  or  less  and,  therefore,  would  use  a  liquified  givs  (Nj,  Oj,  H'^,  He,  etc.)  as 
the  base  fluid. 

Pi'om  a  .scientific  standpoint,  it  would  lie  very  iuteresting  to  ,s(>e  if  tlio  ER  eifect 
can  exist  at  cryogenic  temiierature.  Tliere  are  novel  luul  imiipie  aspects  to  invi'sti- 
gations  of  cryogenic  ER  fluids:  compared  to  room  temperature,  tlic  conductivity  of 
tlio  particles  and  fluids  will  typically  lie  orders  of  magnitude  .smaller,  tlie  recurring 
question  of  the  effects  of  clis.solved  or  adsorlied  water  is  eliminated  liy  freeze-out, 
and  ;us  a  'esult  of  tlie  extremely  low  viscosity  of  liqiiul  nitrogen,  liquid  oxygen, 
or  liquid  iiclium,  <lynamic  ER  effects  .should  operate  on  a  different  time  scali’.  hi 
addition,  recently  tliere  arc  claims  and  some  evidences  that  the  Pcierls-Laiulau  tlier- 
iim.i  vibrations  of  single  cliains  of  pm  ticles  in  ER  fluids  lielp  tlic  formation  of  tliick 
columns. At  cryogenic  temperature,  tlic  tlieniiul  vibration  would  lie  mucli  weaker 
lluui  tliat  at  room  temperature.  Study  of  cryogenic  ER  fluids  iirovitles  crucial  tests 
of  the  validity  of  the  above  claiiiis. 

Ciyogeiiic  ER  fluids  may  also  liave  very  important  applications.  For  example, 
an  importiuit  rocket  fuel  is  a  slurry  fuel  made  of  aluinimim  powder  in  liquid  oxygen. 
Although  aluiniiiuin  is  a  conductor,  its  particles  naturally  form  an  insulating  oxide 
coating  so  that  an  applied  electric  field  is  not  shoit-ciicuitcu.  Wlille  Uie  metal  itself 
lia.s  an  extremely  large  dielectric  constant,  liipiid  oxygen  hius  a  very  low  dielect rie 
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constant,  and  that  difference  in  dielectric  constant  should  produce  a  strong  ER 
effect.  Thus  an  applied  electric  field  can  rapidly  and  greatly  change  the  effective 
viscosity  of  the  rocket  slurry  fuel,  iwhich,  in  turn,  can  change  the  flow  velocity  and 
control  the  combustion  speed.  An  agile,  precise  computer-controlled  ER  flow  valve 
which  eliminates  the  problems  related  to  mechanically  moving  parts  and  bearings  is 
particularly  attractive  for  cryogenic  applications.  Another  intriguing  application  is 
that  witli  the  hist  reversible  ER  phase  transition  in  an  electric  field,  slurry  fuels  can 
be  stored  and  transported  !is  solid  fuels  and  combusted  as  liquid  fuels.  Since  solid 
fuels  are  convenient  for  trau.sportation  and  storage  and  liquid  fuels  are  excellent  for 
combustion,  cryogenic  ER  fuels  may  have  both  advantages. 

In  this  paper,  we  will  report  our  preliminary  experiments  on  slurries  of  aluminum 
powders  in  liquid  nitrogen  whicli,  for  the  first  time,  find  the  significant  ER  effect 
at  cryogenic  temperature.  Though  the  aluminum  particles  have  an  insulate  oxitle 
surfaei',  they  still  have  a  small  conductivity  which  makes  an  ae  field  much  more 
(ill'ectivo  than  a  dc  field  in  producing  the  ER  effect.  Applications  of  cryogenic  ER 
fluids  to  rocket  fuels  will  also  be  discussed. 

II.  Preliminary  Experiments 

Since  liquid  nitrogen  and  liquid  oxygon  have  comparable  dielectric  constant, 
density,  and  boiling  point,  our  iircliminary  experiments  aie  on  cryogenic  slurries, 
aluniiiuuu  powders  in  liquid  nitrogen.  The  results  from  liquid  nitrogen  should  also 
be  valid  for  liquid  oxygen.  Substitution  of  nitrogen  for  oxygen  enables  us  to  avoid 
problems  of  accidental  combustion  in  the  laboratory. 

The  cryogenic  ER  fluids  were  prorluccd  with  aluminum  powder  of  diameters 
~  10  y<m  at  a  volume  concentration  ~  20%.  Some  details  concerning  the  aluminum 
oxide  layer  are  in  order.  As  Inoue  found  in  his  experiments  of  aluminum  pov/ders 
ill  oils,  if  the  oxide  skin  is  not  thick  enough,  electric  breakdowa  may  occur  in  £R 
experiinout.s.**  We  have  found  that  aluminum  powders  expo.sed  to  air  for  long  time 
are  good  ill  cryogenic  ER  experiments.  However,  fresh  aluminum  powders  just 
exposed  to  air  do  not  have  strong  insulating  layers.  Accordingly,  we  followed  the 
recipe  outlined  by  Inoue:  soaking  of  aluminum  particles  in  an  aqueous  solution  of 
.sodium  carbonate,  followed  by  drying  imd  then  heating  mider  nitrogen  to  400°C 
for  hours.'*  Presumably,  the  initial  reaction  forms  aluminum  hydroxide  whidi  then 
decomposes  to  the  oxide  under  heating.  Inoue  reports  skin  thicknesses  apjjroaching 
1  /im  deiiendiiig  on  the  soak  time,  with  good  resistance  to  electrical  breakdown. 

In  the  first  experiment,  an  electric  field  was  applied  between  two  electrodes 
21  X  8  imn'^  sepiuated  by  3  min.  We  observed  the  structure  formation  and  obtained 
a  semi-quantitative  estimate  of  the  strength  of  the  ER  effect  from  the  value  of  field 
retiuired  to  keep  material  between  the  electrodes  from  falling  under  gravity  when 
the  electrodes  were  lifted  from  the  bath.  The  .slurries  indeed  acted  as  ER  fluids. 
The  effects  of  dc  and  60  Hz  ac  fields  were  first  compared  and  the  ac  fields  were 
significantly  more  effective. 
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When  the  ac  field  of  60  Hz  was  below  6  kV/cm,  the  ER  effect  Wtis  weak.  At 
6  kV/cm,  short  broken  chains  began  to  form  along  the  field  direction.  When  the 
field  reached  8.3  kV/cm,  complete  chains  were  foiined  to  cross  the  two  electrodes, 
but  they  were  weak  and  easy  to  break.  When  the  ac  field  reached  10  kV/cm  or 
above,  chains  were  strong  enough  to  be  lifted  from  the  bath  and  sustained  the 
structure  under  the  gravity-induced  deformation.  As  the  field  reached  10.7  kV/cm, 
thick  columns  of  particles  were  formed  between  the  two  electrodes,  characterizing  a 
strong  ER  effect.  When  the  field  was  reduced,  column  structure  persisted  until  the 
field  reached  3.3  kV/cm,  below  which  the  columns  finally  dispersed.  The  reason  for 
the  hysteresis  is  under  investigation. 

The  difference  between  ac  field  and  dc  field  was  also  observed  by  Inoue  in  his 
study  of  oxide-coated  aluminum  particles  in  oil  at  room  temperature.  He  also 
found  that  a  change  in  field  from  dc  to  50  Hz  ac  produced  a  significantly  higher 
shear  strength.  The  reason  for  this  difference  lies  in  the  fact  that  the  aluminum 
particles  have  a  small  but  non-zero  conductivity  a  although  they  have  an  oxide 
coating.  Generally  the  dielectric  constant  (SI  units)  is  given  by®'*° 


e(tj)  =  too 


(2.1) 


In  the  dc  field,  u)  —  0,  the  second  term  in  Eq.(2.1)  becomes  dominate  even  if  a  is  very 
small.  The  conductivity  introduces  constant  currents  which  seem  to  be  negative  for 
polarization  and  for  formation  of  solid  ER  structures. 


Fig.l.  Experiments  to  determine  the  rheology  of  cryogenic  ER  fluids. 

To  suppress  the  negative  effect  of  the  conductivity,  we  need  an  ac  field  with 
frequency  w  >  n.  It  seems  that  the  conductivity  term  in  the  dielectric  constant 
Eq.(2.1)  becomes  negligible  at  moderate  frequencies  ~  60  Hz  in  our  cryogenic  ER 
fluids. 
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Prom  Eq.(2.1),  the  higher  the  frequency  w,  the  smaller  the  negative  effect  from 
the  conductance.  On  the  otlier  hand,  since  the  ER  effect  is  related  to  electric  polar¬ 
ization  of  particles,  too  high  frequency  ai  would  weaken  the  polarization.  Therefore, 
there  must  be  an  optimal  frequency  which  maximizes  the  ER  effect.  To  have  a  quan¬ 
titative  study,  we  applied  a  modified  DV-III  Rheometer  to  measure  the  viscosity  of 
the  .suspension  at  fields  of  various  frequency  (see  Fig.l). 

Presently  we  have  two  ac  high  power  supplies  in  our  laboratory.  One  has  a 
wide  voltage  range,  Imt  limits  the  output  at  60  Hz  frequency.  The  other  covers 
the  frequency  up  to  1000  Hz,  but  the  voltage  is  limited  to  produce  a  maximum 
field  up  to  ~  5  kV/cm.  As  noted  early  in  the  situation  of  60  Hz,  the  ER  effect 
is  not  very  strong  when  the  field  is  below  10  kV/cm.  However,  the  viscosity  of 
the  suspension  significantly  increases  with  the  field.  When  there  is  no  field,  liquid 
nitrogen  has  a  negligible  viscosity.  At  a  dc  field  around  1  kV/cm,  the  viscosity  is 
about  155  cp.  However,  a  further  increase  of  the  dc  field  results  little  change  of 
the  viscosity.  As  shown  in  Table  I,  the  ac  field  presents  a  different  picture:  The 
viscosity  increases  with  the  field  quickly.  It  is  clciir  that  100  Hz  is  better  than  other 
available  frequencies.  This  implies  tnat  the  optimal  frequency  may  be  above  1000 
Hz.  Fi'om  the  results  at  60  Hz,  we  expect  that  the  ER  ('ffect  will  lx-  much  stronger 
when  the  field  gets  above  10  kV/cm. 

Accuracy  and  reproductibility  in  these  measuromeiits  iu'c  far  from  satisfactory 
bccau.‘’e  the  experiments  were  performed  in  a  shallow  dewar  cX])osecl  to  air,  so  that 
the  ER  fluid  was  continually  being  contaminated  by  frozen  particles  of  water  and 
carbon  dioxide. 


'I'abli'  I.  Vi.sfo.sity  of  a  Oyogciiic  Kit  fluitl 


freq. 

3kv/ciii 

a.T.lkv/cm 

■l.Skv/i'ui 

r),25kv/ciii 

lOOUz 

VOSep 

•ttSep 

278cp 

29()cp 

5UU1IZ 

I70cp 

25'icp 

258cp 

304(;p 

lUOUili 

2S(itp 

27:tcp 

IJ2(>c|) 

4.13cp 

Significant  ER  effects  were  al.so  observed  for  suspensions  of  boron  powdi'r  in 
liquid  nitrogen.  Further  expe.'iments  on  these  luid  other  systems  will  be  carried  out 
in  quantitative  detail,  but  the  present  preliminary  results  are  encouraging.  It  clearly 
shows  that  the  strong  ER  effect  exists  at  cryogenic  temperature.  New  experiments 
will  he  made  in  a  dry  box  now  under  construction  and  conducted  with  a  new  ac  high 
voltage  power  supply  which  should  cover  a  wide  range  of  voltages  and  frequeneies. 
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III,  Rocket  ER  Fuels 

The  coavei'siou  of  n  cryogenic  fuel  to  an  ER  fluid  is  aeconiplishetl  l^y  the  intro¬ 
duction  of  suitable  particulate  matter,  which  may  or  may  not  be  removed  prior  to 
combustion.  In  the  latter  case,  of  course,  it  is  desirable  to  use  “energetic”  parti¬ 
cles  which  i)iLi'ticipatc  in  and  contribute  energy  to  the  combustion  process.  Simple 
inexpensive  candidates  arc  aluminum  (for  oxygen)  and  boron  (for  hydrogen).  Alu¬ 
minum,  because  of  its  conductance,  must  have  an  ins\ilating  coating.  The  dielectric 
constants  of  liquid  oxygen,  nitrogen  and  hydrogen  are  ratlier  small  and  most  ma¬ 
terials  will  provide  sufficient  dielectric  mismatch  to  obtain  reiusonal>ly  .strong  ER 
eft'ccts.  However,  the  temperature  involved  opens  the  door  to  an  entirely  new  realm 
<if  possible  particles,  namely,  frozen  particles  of  (uiergetic  substances  and  fuels  that 
are  normally  liquid  at  30QK.  Such  particles  could  he  faliricated  with  an  atomizing 
spray  in  a  cohl  chamber. 


I'nblc  II.  I’roperlics  of  Oyogoiiic  Laiiiul.s  and 
Some  Subiilaiicc!!  of  Interest  for  Particulate 


Sub.slaiici' 

Density  (gni/<  ii.‘’) 

I.iiiuid  Nj 

0.81 

1. 15 

Li<iuia  O'j 

l.ld 

l..')l 

I/iqilid  Il-J 

0.07 

1 .711 

M 

7.70 

<x 

Al;ll, 

;i.07 

10 

nil 

0.87 

1-1 

LiAIIU 

0.07 

V 

UioHm 

O.O'I 

V 

Naillb 

1-07 

7 

The  lirpiids  of  oxygen,  hydrogen  rmd  nitrogen  unfortrmately  liave  a  low  density. 
This  nialres  the  problem  of  jiarticulalc  srUting  iiciite.  Suitable  stirring  and  mix¬ 
ing  procedures  may  therefore  by  a  nrmcs.sity  in  most  situations.  Table  II  lists  tin; 
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characteristics  of  cryogenic  fluids  and  some  substances  of  interest  for  particles.  It 
may  be  noted  that  there  is  a  fihrly  good  density  match  between  liquid  nitrogen  and 
lithium  hydride,  making  this  a  possibly  attractive  pair  for  scientific  studies. 
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ABSTRACT 

This  [wixir  rcjircscnls  ihc  lirsl  dcuiilcd  description  of  Ihe.  affccl  of  icmpcramrc  on  ihc  properties 
exhibited  by  slatc-of-thc-iut  clertrorhcoloKioil  (GR)  and  magnuCorhcologicul  (MR)  Iluids.  In 
IKirlicutur,  slicar  stress  versus  shear  strain  rate  curves,  dynamic  and  static  yield  stress  values, 
/xtro-ndd  viscosity  data,  and  current  density  measurements  a'c  discussed.  Specific  commciiLs 
conceniing  die  stability  of  both  mechanical  and  electrical  properties  over  broad  icmpcruturc 
ranges  arc  provided.  Pinally,  in.sight  into  the  advantages  associated  with  using 
clcctrorheological  and  magnetorheologicul  fluids  in  a  controllable  device  is  itrovidcd. 

I .  Introduction 

Art  engineer  must  be  familiar  with  the  propcrdcs  exhibited  by  a  controllable  fluid,  in 
order  to  evaluate  that  particular  fluid  for  use  in  a  specific  device  design.  The.se  properties 
include  dynamic  yield  stress  (ty,d),  static  yield  stfcss  (ty,*).  plastic  vi.scosity  (tip),  and 
current  density  (J).  The  dynamic  yield  stress  and  the  plastic  viscosity  exhibited  by  a 
conuollablc  fluid  are  kttown  frotn  basic  design  equations  to  affect  both  the  size  and  shape 
of  a  device.'  '  Current  density,  on  the  other  hand,  impacts  the  power  consumed  by  an 
electrorheological  fluid  device.  The  relationship  between  the  properties  exhibited  by  a 
controllable  fluid  and  the  performance  expected  for  a  simple  sliding  plate  device  utilizing 
this  fluid  is  highlighted  in  the  basic  design  equations  .shown  in  Etiuutions  [  I-3|. 


Per  =  VJE  [3] 


Equation  i  1 1  provides  an  indication  of  the  overall  size  of  the  device  by  defining  the 
minimum  volume  (V)  of  fluid  needed  in  the  gap  of  the  device  in  order  to  exhibit  the  desired 
mechanical  perfonnance.  Variables  related  to  the  mechanical  perfomiance  of  the  device  are 
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present  in  the  fonn  of  mechanical  power  (Pm)  and  a  specified  control  ratio  (Tcf/T^). 
Within  tliis  control  ratio  Tcf  and  Tt^  represent  the  toitiue  generated  in  the  device  due  to  tnc 
applied  field  induced  yield  strength  and  the  viscous  diag  of  the  controllable  fluid, 
respectively.  Equation  [2]  provides  an  indication  of  the  shape  of  the  device  by  defining  the 
minimum  gap  (g)  to  plate  radius  (R)  ratio  of  the  device  in  terms  of  the  specified  control 
ratio  and  rotational  speed  (0-  For  an  electrorhcological  fluid  device  the  volume  of  fluid  in 
the  gap  of  the  device  can  be  multiplied  by  the  measured  current  density  (J)  of  the  fluid  and 
the  magnitude  of  the  applied  electric  field  (E)  as  shown  in  Equation  [3]  to  provide  an 
estimate  of  electrical  power  (Per)  required  for  the  operation  of  the  device.  The  power 
required  to  operate  a  inagnetorheological  fluid  device  does  not  rely  on  the  properties 
exhibited  by  the  fluid.  Rather  in  this  case,  the  power  consumption  of  the  device  is 
predominately  dependent  upon  the  amount  of  current  applied  to  a  wire  coil  needed  to 
generate  the  magnetic  field. 

The  key  properties  exhibited  by  a  controllable  fluid  that  influence  the  shape  and  size 
of  a  device  are  shown  in  Equations  1 1&21  to  be  qp/tyji  and  pp/ty.j’,  respectively.  In  order  to 
make  a  device  .smaller  or  more  compact  the  minimization  of  these  two  viscosity  to  dynamic 
yield  stress  ratios  is  desirable.  This  can  be  accomplished  by  either  decreasing  the  viscosity 
or  increasing  the  dynamic  yield  stress  exhibited  by  the  controllable  fluid.  A  controllable 
fluid  must  exhibit  a  minimum  dynamic  yield  stress  and  maximum  plastic  viscosity  level  of 
3.0  kPa  and  700  tnPa-sec,  respectively,  in  order  to  be  utilized  in  a  variety  of  devices  and 
applications.^ 

Many  scientists  have  addressed  decreasing  the  viscosity  and  current  density,  as  well 
as  increasing  the  yield  stress  exhibited  by  controllable  fluids.  Typically,  the  data  reported 
in  the  literature  is  related  to  the  performance  of  controllable  fluids  at  an  ambient 
temperature,  i.e.,  25°C.  However,  in  most  "real  world"  applications  a  controllable  fluid 
must  be  capable  of  either  operating  over  a  broad  temperature  range  ^  surviving  exposure  to 
extreme  variations  in  temperature.  For  instance,  the  nomial  temperatures  encountered  for 
devices  used  in  automotive  applications  range  from  •40°C  to  ISO^C.  Any  variation  in  the 
properties  exhibited  by  a  controllable  fluid  with  respect  to  a  change  in  temperature  will 
inherendy  impact  both  the  mechanical  and  electrical  performance  of  a  device. 

Unfortunately  very  little  research  describing  the  temperature  dependence  of 
mechanical  and  electrical  properties  exhibited  by  controllable  fluids  has  been  reixirtcd.  A 
few  articles  exist  that  evaluate  ER  fluids  containing  alumino-silicate  particles  at  high 
temperatures  (>1{X)'’C).‘*-^  Although  these  materials  operate  in  a  substantially  "anhydrous" 
manner  at  high  temperatures,  the  ability  of  these  fluids  to  operate  at  low  temperatures 
(<0°C)  has  not  been  substantiated.  This  paper  provides  the  first  in-depth  comparison 
between  the  perfoimancc  of  suitc-of-thc-art  elcctroriieological  (ER)  and  inagnetorheological 
(MR)  fluids  with  respect  to  temperature.  In  particular,  the  dynamic  yield  stress,  viscosity 
and  current  density  for  different  controllable  fluids  have  been  measured  over  their 
rccominended  temperature  ranges.  ITie  following  discussion  will  provide  an  engineer  witli 
the  information  and  data  necessary  to  determine  the  feasibility  of  using  a  controllable  fluid 
device  in  a  variety  of  "real  world"  applications. 

2 .  Definitions  and  Experimental  Design 

The  lack  of  any  uniform  test  methodology  in  the  published  literature  makes  a 
comparison  of  the  properties  exhibited  by  different  controllable  fluid  formulations  a 
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difficult  task.  In  addition,  the  differences  that  exist  between  research  laboratories  in 
defining  the  controllable  fluid  response  adds  a  tremendous  amount  of  confusion  to 
compiiring  the  properties  exhibited  by  different  controllable  fluids.  The  adoption  of 
standard  definitions  and  test  methodology  by  the  scientific  community  is  necessary  to  aid 
engineers  in  the  design  of  controllable  fluid  devices.  Several  recent  publications  provide  a 
thorough  discus.sion  of  the  observed  behavior  and  properties  exhibited  by  controllable 
fluids  that  can  be  used  as  a  basis  for  developing  an  uniform  understanding  of  this 
technology.^'® 

2 . 1  Description  cf  Electrorheological  and  Magnetorheobgical  Phenomenon 

The  observation  of  a  large  rheological  effect  induced  by  the  application  of  an  electric 
field  was  first  reported  by  W.  Winslow  in  19477  His  initial  publication  describes  the 
electrically  induced  fibrillation  of  small  dielectric  particles  suspended  in  low  viscosity  oils. 
The  formation  of  panicle  chains  between  electrodes  alters  the  rheological  properties 
exhibited  by  an  electrorhcological  (ER)  fluid.  Thus  the  electrorheological  phenomenon 
observed  for  these  fluids  corresponds  to  the  work  that  is  required  in  breaking  and 
reforming  these  3-dimensional  chains.  The  magnitude  of  this  required  work  is  more 
commonly  expressed  as  the  force  necessary  to  initiate  flow  within  the  fluid.  In  other 
words,  the  force  necessary  to  overcome  the  yield  stress  exhibited  by  the  electrorheological 
fluid. 


Magnetorheological  (MR)  fluids  are  the  true  magnetic  analogs  of  ER  fluids.  These 
fluids  exhibit  particle  chaining  upon  the  application  of  a  magnetic  field.  The  preparation  of 
the  first  MR  fluids  must  be  credited  to  both  W.  Winslow  and  J.  Rabinow.*-* 
Magnetorheological  fluids  should  not  be  confuscrl  with  ferrofluids  or  magnetic  liquids. 
Due  to  the  effect  of  Brownian  motion  on  the  colloids  present  in  ferrofluids,  these  magnetic 
liquids  do  not  exhibit  the  ability  to  form  particle  chains. 

2 .2  Defimtion  of  Properties  Exhibited  by  Controllable  Fluids 

A  Bingham  plastic  model  as  described  by  Equation  [4]  typically  provides  an  accurate 
description  of  the  rheological  properties  exhibited  by  both  electrorheologicaP'®  and 
magnetorheological®  fluids.  In  fact,  the  previously  described  device  design  equationstiz 
assume  that  the  controllable  fluid  exhibits  Bingham  plastic  behavior.  According  to  this 
model,  the  total  shear  stress  (xy)  is  equal  to  the  sum  of  a  field  induced  yield  stress  (Ty(fieid)) 
and  a  viscotis  component  dependent  upon  the  plastic  viscosity  (T|p)  of  the  fluid  and  the 
shear  strain  rate  (t).  The  property  of  a  controllable  fluid  that  is  observed  to  change  upon  an 
increase  in  applied  field  is  not  the  viscosity  of  the  fluid,  but  rather  the  yield  stress  defining 
the  flow  regime. 


[4] 


Two  different  yield  stress  values,  the  dynamic  yield  stress  (xyj)  and  the  static  yield 
stress  (xy.*),  have  been  commonly  reported  in  the  literature.  Tlie  dynamic  yield  stress  of  a 
controllable  fluid  is  typically  defined  as  the  zero-rate  intercept  of  a  linear  regressien  curi't 
fit  to  measured  flow  data,  while  the  static  yield  stress  corresponds  to  the  sness  necessary  to 
initiate  flow  irregardless  of  whether  or  not  the  fluid  behaves  as  a  Bingham  plastic.  The 
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plastic  viscosity  of  a  controllable  fluid  co-..esponds  to  the  slope  of  the  linear  regression 
curve  fit  used  in  analyzing  the  flow  data. 

In  order  to  simplify  the  design  of  a  device  and  guarantee  consistent  device 
performance,  the  dynamic  and  static  yield  stress  values  measured  for  a  controllable  fluid 
must  be  similar  in  magnitude.  Unfortunately,  many  controllable  fluids  due  to  improper 
formulation  exhibit  static  yield  stre.ss  values  that  are  significantly  greater  than  the 
corresponding  dynamic  yield  stress  values.  This  phenomenon,  which  is  known  as  stiction, 
is  a  structural  anomaly  dependent  upon  tlte  size  and  shape  of  the  particles,  as  well  as  on  the 
prior  applied  field  and  flow  history  of  the  controllable  fluid.  Properly  formulated 
controllable  fluids,  such  as  Lord  Corporation's  VersaFlo™  Fluids,  eliminate  the  potential 
of  any  stiction  by  ensuring  that  the  static  yield  stress  exhibited  by  the  fluid  is  less  than  or 
equal  to  the  corresponding  dynamic  yield  stress  value. 

A  major  difference  between  electrorheological  and  magnetorheological  technology  is 
the  method  used  to  generate  the  corresponding  field.  Generation  of  the  magnetic  field  used 
to  control  MR  fluids  is  accomplished  with  low  voltage,  high  current  techniques,  such  as 
applying  an  electrical  current  to  a  coil  of  wire.^  As  previously  mentioned  the  power 
consumed  by  a  MR  fluid  device  directly  correlates  with  the  electrical  current  needed  to 
generate  the  magnetic  field.  In  this  case,  the  properties  exhibited  by  a  controllable  fluid 
iiave  no  effect  on  the  power  consumption  of  the  device.  On  the  other  hand,  the  generation 
of  an  electric  field  used  to  control  ER  fluids  is  accomplished  with  low  current,  high  voltage 
power  supplies.  Since  an  ER  fluid  acts  as  a  leaky  capacitor,  the  measurement  of  an  electric 
current  through  the  fluid  is  possible.  In  this  case,  the  charge  flow  through  the  ER  fluid, 
v.'hich  is  typically  represented  by  an  average  current  density  (J),  directly  affects  the  power 
consumption  of  the  device. 

A  distinction  between  ER  fluids  activated  with  D.C.  and  A.C.  electric  fields  must  be 
made  at  this  time.  The  conductivity  measured  for  an  ER  fluid  controlled  with  a  D.C. 
electric  field  represents  energy  that  must  be  removed  from  the  system  as  heat.  On  die  other 
hand,  the  conductivity  measured  for  an  ER  fluid  controlled  with  an  A.C.  electric  field  does 
not  necessarily  represent  the  energy  that  must  be  dissipated.  In  this  system,  the  measured 
current  is  predominately  a  displacement  current  whose  magnitude  depends  on  the 
capacitance  of  the  device. 

2 .3  Experimental  Conditions 

The  rheological  data  for  all  ER  fluids  were  obtained  using  a  concentric  cylinder  test 
geometry  (1  mm  gap)  in  conjunction  with  a  shear  stress  controlic'd  rheometer.  Tlie  electric 
field  was  generated  by  applying  voltage  to  the  inner  cylinder.  The  rheological  data 
measured  for  all  MR  fluids  were  obtained  u.sing  parallel  plate  rheometry  (1mm  gap)  in 
conjunction  with  a  shear  rate  controlled  rheometer.  The  magnetic  field  was  applied  to  the 
cell  perpendicular  to  the  parallel  plates.  Both  systems  utilized  a  temperature  chamber  to 
insure  that  the  cell  and  the  surrounding  environment  was  within  ±2°C  of  the  desired 
temperature.  The  dynamic  current  density  for  ER  fluids  was  mettsured  during  the  course  of 
obtaining  tlie  flow  data.  The  dielectric  spectra  obtained  for  all  ER  fluids  used  a  test  metliod 
previously  described  in  the  literature.^ 

The  MR  fluid  damper  described  in  this  paper  utilized  a  46  mm  outer  cylinder.  A 
current  of  1  amp  was  supplied  to  a  wire  coil  in  the  device  in  order  to  generate  the  required 
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magnetic  field.  The  damper  was  operated  with  a  stroke  of  ±20mm  and  a  stroke  rate  of  1 
Hz.  The  damper  was  completely  enclosed  in  a  temperature  chamber,  which  was 
maintained  at  ±2°C  of  the  desired  operating  temperature,  llie  force  output  of  the  damper 
reported  in  this  paper  represents  the  data  obtained  on  the  initial  stroke  of  the  damper  afier 
temperature  equilibrium  was  established. 

3.  Controllable  Fluid  Performance  at  25°C 

The  controllable  fluids  utilized  in  all  evaluations  are  obtainable  from  Lord  Corporation 
under  the  uade  name  VersaFlo™  Controllable  Fluids.  VersaFlo’^  ER-100,  ER-200  and 
ER-201  Fluids  are  electrorheological  fluids,  while  VcrsaFlo™  MR-100  Fluid  is  a 
magnetorheological  fluid.  Measurement  of  the  properties  exhibited  by  these  controllable 
fluids  at  an  ambient  temperature  represents  a  basis  to  which  properties  obtained  at  various 
temperatures  can  be  compared. 

3.1  VersaFlo™ER-10Q  Fluid 

VersaFlo™  ER-W)  Fluid  is  an  optimized  VCTsion  ol  a  conventional  electrorheological 
fluid  that  has  been  previously  represented  in  publislied  literature  as  ERX02  and/or  ER-11. 
This  ER  fluid,  which  is  controlled  through  the  use  of  a  D.C.  electric  field,  typically  exhibits 
a  current  density  that  is  less  than  20  (M/cm^  at  a  field  of  4.0  kV/mm.  The  dynamic  yield 
stress  and  viscosity  measured  for  this  ER  fluid  is  approximately  1 .0  kPa  at  4.0  kV/mm 
with  a  zero-field  viscosity  between  200-300  mPa-scc  as  shown  in  Figure  I.  VersaFlo™ 
ER-100  Fluid  represents  a  controllable  fluid  exhibiting  design  ratios,  tip/ty.d  and  Pp/tm''.  on 
the  order  of  10  '*  sec  and  10  '^  scc/Pa,  respectively. 


•  Measured  DiUa#  25'c 


kV/inin 

kV/miii 

kV/niiii 

kV/iiiiii 


Figure  1.  Shear  Sacs.s  Versus  Shear  Strain  Rate  Data  Obatined  For  VersaFlo™ 
ER-100  Fluid  at  Various  Electric  Field  Strengths. 
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3.2  VersaFlo^ ER-200  and ER-20I  Fluids 

VcrsaFlo™  ER-200  and  ER-201  Ruids  are  examples  of  clcctiorheological  fluids  that 
exhibit  both  high  strength  and  an  extended  temperature  range  of  operation  due  to  the 
utilization  of  a  unique  non-ionic  polarization  mechanism  by  the  particle  component.  Due  to 
the  anhydrous  nature  of  these  fluids  the  application  of  an  A.C.  electric  field  is  necessary  to 
prevent  particle  electrophoresis.  Optimum  performance  of  these  ER  fluids  is  obtained 
using  a  bipolar  square  wave  with  a  ff^uciicy  greater  than  or  equal  to  500  Hz. 

The  dynamic  yield  stress  at  3.0  kV/mm  and  zero-field  viscosity  exhibited  by 
VersaHo™  ER-200  Ruid  arc  approximately  1.8  kPa  and  200-300  mPa-scc,  resiiectively, 
as  shown  in  Figure  II.  The  switching  current  density  for  this  ER  fluid  at  3.0  kV/mm  is 
approximately  14(X)  iiA/cm^.  The  design  ratios,  qp/tyj  and  for  VcrsaFlo'™  ER- 

200  Fluid  are  similar  to  those  previously  described  for  VcrsaFlo™  ER-100  Fluid. 


f  igure  II.  Shear  Stress  Versus  Shear  Siruia  Rale  Data  Obtained  Fur  Versalio™ 
liR-200  Huid  at  Various  Bloctrie  Field  Slreiiglhs. 


'I'he  dynamic  yield  .strc.ss  at  3.0  kV/mm  and  zero-field  viscosity  exhibited  by 
VcrsaFlo’^  ER'2()1  Fluid  arc  approximately  3.2  kPa  and  400-700  mPa-scc,  respectively, 
as  shown  in  Figure  111.  The  switching  cuirent  density  for  this  ER  fluid  at  3.0  kV/mm  is 
approximately  17(X)  p.\/cm^.  Although  the  yield  stress  and  vi.scosity  exhibited  by 
VcrsaFlo™  ER-201  arc  greater  than  those  reiXJrt^  for  VcrsaFlo'''^  ER-2(X)  F'luid,  this  ER 
fluid  is  designed  to  have  similar  design  ratios,  Ti|,/ry.j  and  qp/Ty,.F.  The  high  yield  stress 
value  exhibited  by  VcrsaFlo™  BR-201  Ruid  lends  itself  for  utilizatio..  in  applications 
where  the  ultimate  force  output  of  a  device  is  the  critical  factor.  For  applications,  that  are 
more  concerned  witii  very  low  fot'ce  output  iri  the  absence  of  any  electric  field  (off-state) 
the  utilization  of  VersaRo™  ER-200  Fluid  is  recommended. 
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I''igurc  III.  Shear  Stre,s.s  Versus  Shear  Strain  Rate  Data  Obtaiitcd  Hor  Versano'” 
ER-201  Ruid  at  Various  LlccUic  Field  Strengths. 


J .3  Vemaf-W'^ MR-100  Fluid 

Versal'lo’'^  MR- 100  Fluid  typically  exhibius  a  zcro-tleld  viscosity  (2(X)-300  mPa-sec) 
comparable  to  most  electrorheological  tluids  and  a  dynamic  yield  stress  value  (>80  kPa  at 
3000  Oersted)  that  is  more  than  an  order  of  magnitude  greater  than  the  best 
electrorheological  fluids.  The  flow  data  obtained  for  VcrsaFlo™  MR- 100  Fluid  is  shown 
in  Figure  IV.  71ic  high  yield  suength  associated  with  this  MR  fiuid  provides  for  a  several 
order  of  tnagnitude  increase  in  the  design  riitios,  np/ty.ii  (~10-®  see)  and  (~10-" 
sec/Pa),  as  compared  to  those  exhibited  by  ER  fluids.  This  result  tends  to  lead  one  to 
believe  that  a  MR  fluid  device  could  be  made  smaller  than  an  ER  fluid  device.  However, 
this  result  docs  not  hike  into  consideration  that  ‘he  gcnciation  of  a  magnetic  field  through 
the  use  of  u  coil  of  wire  requires  a  certain  amount  of  steel  in  the  device  to  complete  the 
magnetic  circuit  and  drop  the  field  across  the  MR  fluid  filled  gap.  The  size  or  amount  of 
this  additional  steel  must  be  taken  into  account  when  designing  a  MR  tluid  device.*’ 
Magnetorhcologicul  fluid  devices  are  in  reality  approximately  the  same  size  as  ER  fluid 
devices  that  utilize  a  liigh  yield  strength  ER  fluid,  such  as  Versano™  ER-200  Fluid. 

4 .  Affect  of  Temperature  on  Controllable  Fluids'  Properties 

Many  of  the  properties  exhibited  by  a  controllable  fluid  are  in  some  way  affected  by  a 
change  in  operating  temperature.  For  instance,  the  viscosity  exhibited  by  the  carrier  oil 
present  in  the  controllable  fluid  dccrea.ses  as  the  temperature  is  elevated.  liwer  carrier  oil 
viscosity  ultimately  correlates  with  a  decrease  in  the  viscous  component  of  the  shear  stress 
measured  for  a  Bingham  plastic  fluid. 
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Figure  IV.  Shear  Stress  Versus  Shear  Strain  Rate  Data  Obtained  For  VcrsaFlo™ 
MR- 100  Fluid  at  Various  Magnetic  Field  Strengths. 


The  dynamic  yield  strength  exhibited  by  controllable  fluids  also  is  expected  to 
decrease  as  the  operating  temperature  is  cievaied.  Primarily,  the  expansion  of  the  carrier  oil 
in  the  controllable  fluid  alters  the  volume  that  this  oil  occupies.  The  particle  volume 
fraction  ((|i),  which  is  known  from  quantitative  modeling  of  ER  fluids  to  be  directly 
proportional  to  yield  stressi*>'",  decreases  as  the  operating  temperature  of  the  controllable 
fluid  is  incrcas^.  Considering  the  typical  values  for  the  thermal  expansion  coefficient  of 
conventional  oils  (i.c.,  silicone  and  mineral  oils),  a  change  in  yield  stress  of  about  10% 
over  the  temperature  range  of  -40  to  150°C  is  expected  to  result  from  the  thermal 
expansion/contraction  of  the  carrier  oil. 

In  addition  to  thermal  expansion/contraction  considerations,  the  yield  stress  exliibitcd 
by  an  elcctrorheoiogical  fluid  is  influenced  by  the  ability  of  the  particles  to  polarize. 
Particle  polaiization  only  occurs  when  there  is  a  difference  in  the  pcnriiitivity  of  the  particle 
(c2)  and  carrier  oil  (ei)  present  in  an  elcctrorheoiogical  fluid.  In  most  quantitative  models 
the  polarizability  of  the  particle  component  is  described  through  the  use  of  a  complex 
dipolar  coefficient,  iJ,  as  sho— i  in  Equation  This  complex  dipolar  coefficient 

inherently  contains  contributions  from  the  conductivity  and  relative  permittivity  (dielectric 
constant)  associated  with  both  the  carrier  oil  and  particles  in  an  ER  fluid.  Any  variation  in 
these  parameters  will  influence  the  poiarizabiliiy  of  the  particle  cuinponeni  and  alter  the 
magnitude  of  the  observed  ER  effect. 
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The  conductivity  of  a  controllable  fluid  is  expected  to  iiuTcuse  us  the  operating 
temperature  is  cievated  due  to  the  ability  of  ions  to  more  freely  ntigrate.  In  addition  to  the 
potential  changes  that  may  occur  in  the  complex  dipolar  coefficient  as  previously  described, 
an  increase  in  the  current  density  exhibited  by  an  ER  fluid  at  elevated  tcmitcraturcs  will 
result  in  excessive  power  consumption  and  heat  generated  by  tlie  device. 

4.1  VersaFlo™ER-100  Fluid 

Since  VersaFlo™  ER-100  Fluid  employs  an  ionic  mechanism  for  particle 
polarization,  the  operating  temperature  range  for  this  fluid  is  limited  (10  to  90®r).  A 
decrease  in  the  plastic  viscosity  and  dynamic  yield  stress  (@  3.0  kV/mm)  of  73%  tnid  .‘>3%, 
respectively,  is  observed  for  this  ER  fluid  over  tlie  operating  temperature  range  us  shown  in 
Figure  V.  The  measured  decrease  in  the  dynamic  yield  stress  exhibited  by  this  ER  fluid  is 
considerably  greater  than  that  anticipated  to  occur  as  a  result  of  the  thermal 
expansion/contraction  associated  with  the  carrier  oil.  ITius  the  sensitivity  of  the  complex 
dipolar  coefficient  to  variation  in  operating  temperature  impacts  the  dynamic  yield  stress 
exhibited  by  this  ER  fluid.  In  particular,  a  change  in  the  conductivity  exhibited  by  the 
particle  component  in  this  ER  fluid  affects  the  ability  of  these  particles  to  polarize  at 
elevated  temperatures. 
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Figure  V.  Dynamic  Yield  Stress  (Solid  Lines)  and  Plasuc  Vtscwiiiy  (Dotted  Line) 
For  VcrsaFlo™  ER- 100  Fluid  Ploncdas  a  Fuirclioii  of  Tcin|x:rumre. 
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Interestingly,  tne  overall  affect  of  temperature  on  the  design  ratios  of  viscosity  to 
yield  stress,  Tip/ty,4  and  rip/Ty.d*,  is  negligible.  These  two  ratios  remain  approximately 
constant  over  the  entire  temperature  range  due  to  the  charges  observed  in  both  the  plastic 
viscosity  and  dynamic  yield  stress  exhibited  by  the  ER  fluid.  Although  these  design  ratios 
are  not  altered  by  a  variation  in  temperature,  the  changes  observed  in  yield  stress  and 
viscosity  exhibited  by  this  ER  fluid  with  respect  to  temperature  v'ill  impact  the  performance 
of  a  device.  A  discussion  concerning  the  affect  of  temperature  on  device  perfoimance  is 
presented  in  Section  5. 

A  major  concern  in  designing  a  device  to  use  an  ER  fluid  whose  particles  polarize 
through  an  ionic  mediated  mechanism  relates  to  both  the  magnitude  and  stability  of  the 
power  consumed  by  the  device.  A  large  increase  in  the  current  density  measured  for 
VcrsaFlo''^  ER-100  Ruid  is  observed  upon  elevating  the  operating  temperature  as  shown 
in  Figure  VI.  For  instance,  at  a  D.C.  electric  field  of  4.0  kV/mm  the  current  density 
exhibited  by  this  ER  fluid  increases  from  10-15  pA/cm^  at  25“C  to  ~200  (Wem^  at  90°C, 
Thus  the  power  consumed  by  a  device  conttuning  an  ER  fluid  that  utilizes  an  ionic  mediated 
polarization  mechanism  will  dramatically  increase  with  an  elevation  in  operating 
temperature. 


Figure  VI.  Current  Density  For  VcrsaFlo™  F.R-100  Fluid  Plotted  as  a 

Function  of  Tempcrutuic  For  Various  Electric  Field  Strengths. 


The  temperature  of  a  device  containing  this  ER  fluid  must  be  maintained  within  a 
specified  operating  temperature  range  (10  -  90°C)  in  order  to  insure  adequate  operation. 
Irreversible  degradation  in  the  performance  of  this  ER  fluid  occurs  when  the  fluid  is 
operated  outside  of  this  range.  At  high  temperatures  (>1(X)®C)  a  decrease  in  the  ER  effect 
occurs,  while  at  low  temperatures  (-cO^C)  particle  elccnophorcsis  to  one  of  the  electrodes  is 
observed.  Although  improvements  in  the  performance  of  this  ER  fluid  at  high  temperatures 
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is  possible,  dramatic  increases  in  current  density  will  still  'jccur.  An  increase  in  current 
density  at  high  temperatures  and  irreversible  particle  electrophoresis  at  low  temperatures  are 
two  problematic  areas  that  must  be  addressed  for  any  device  incorporating  an  ER  fluid  that 
utiliaes  an  ionic  polarization  mechanism. 

4.2  VersaFlo  ™  ER-2(m01  Fluid 

Due  to  the  non-ionic  nature  of  the  polarization  mechanism  utilized  in  VersaFlo™  ER- 
200/201  Fluids,  the  operating  temperature  may  range  from  -25°C  to  125°C.  As  shown  in 
Figure  VII,  a  70%  decrease  in  the  dynamic  yield  stress  and  a  95%  decrease  in  plastic 
viscosity  is  observed  for  VersaFlo™  ER-200  Fluid  over  this  operating  temperature  range. 
Similar  behavior  is  observed  for  VersaFlo™  ER-201  Fluid.  The  overall  affect  of 
temperature  on  the  design  ratios,  tutd  is  negligible  due  to  the  changes 

observed  in  both  the  plastic  viscosity  and  dynamic  yield  stress  of  the  ER  fluid.  Although 
these  two  ratios  arc  not  significantly  changed  by  a  variation  in  temperature,  the  affect  of 
temperature  on  the  yield  stress  and  viscosity  for  this  ER  fluid  will  impact  the  performance 
of  a  device  (see  .Sci-tion  5). 


Higurc  Vll.  Dynamic  Yield  Suess  (Solid  Lines)  and  Plastic  Visco.sity  (Dolled  LiiK)  For 
VcrsaFlo’^”  ER-200  Fluid  Ploucd  as  a  Function  of  TcmjicraUirc. 


The  large  observed  change  in  yield  stress  with  respect  to  temperature  for  VersaFlo™ 
ER-200  and  ER-201  Fluids  provides  evidence  that  variation  in  the  complex  dipolar 
coefficient  occurs.  The  expansion/coniraction  of  the  carrier  oil  in  these  ER  fluids  cannot 
explain  the  70%  change  in  dynamic  yield  stress  that  is  observed  over  the  operating 
temperature  range.  Since  these  ER  fluids  utilize  a  nori-ionic  mechanism  for  particle 
polarization,  the  variation  that  occurs  in  the  complex  dipolar  coefficient  is  related  to 
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temperature  induced  changes  in  the  relative  permittivities  associated  with  tlie  particle  and  oil 
components  that  make  up  the  fluid. 

The  current  density  mea.siired  for  Vcrsah'lo’'“  ER-200  Fluid  is  relatively  constiint  over 
the  operating  temperature  range  as  shown  in  Figure  VIII.  Similar  behavior  is  observed  for 
VersaFlo™  ER-21()  Fluid  with  respect  to  oiternting  temperature.  Since  an  A.C.  electric 
field  (bipolar  square  wave)  is  used  to  control  'h.'s  ER  tluid,  the  measured  current  density 
does  not  represent  energy  that  must  be  dissipated  from  the  system.  This  current  density, 
which  depends  on  the  capacitance  of  the  device,  actually  represents  the  magnitude  of  a 
displacement  current  that  must  be  switched  between  electrodes.  Tlie  dielectric  si^cctra  for 
VersaF'lo™  ER-200  Fluid  shown  in  the  insert  in  Figure  VllI  plots  the  .storage  and  loss 
factor;,  measured  at  10(X)  Hz  as  a  function  of  temperature.  The  real  (storage  factor)  and 
imaginary  (loss  factor)  components  of  the  complex  jiermittivity  associated  witli  the  fluid  are 
observed  to  increase  upon  elevating  the  temperature  of  the  system.  However,  the  loss 
tangent,  which  is  the  ratio  between  the  loss  and  storage  factors,  is  observed  to  be  relatively 
constant  and  significantly  less  than  one  over  the  entire  temperarure  range.  This  data 
provides  credibility  to  the  previous  conclusion  that  variation  in  the  relative  permittivity  of 
the  c.''rricr  oil  and  particle  component  in  the  HR  fluid  affects  the  magnitude  of  the  complex 
dipolar  coefficient  and  ultimately  tlie  yield  stress  exhibited  by  the  ER  fiuid. 


I'igurc  VIll.  CunciU  Density  Measured  For  Vcrsat-lo'“  UK-2(X)  I'luUi  I’lotlcd  as  a  Function  of 
'rcnij)cralnrc.  IDicleeliie  Dnia  Oblained  )'ur  ItK  Fluid  ut  ItXX)  il/.  is  I'rovidcd  in  Iiisurt.| 


As  important  as  the  variation  in  the  properties  exhibited  by  an  ER  fluid  over  its 
operating  temperature  range,  is  the  ability  of  the  ER  fluid  to  survive  exposure  to  and 
oj^cration  iit  temjwratures  outside  the  recommended  range.  Versal'lo™  ER-2(X)/201  Fluids 


exhibit  this  quality.  These  fluids  cun  be  operated  at  temperatures  below  -25°C  or  above 
125“C  for  extended  periods  of  time.  Upon  returning  these  ER  fluids  to  within  their 
recommended  temperature  range,  tlie  pro|x:rtics  exhibited  by  these  F-IR  fluids  are  uncliangcd 
from  those  previously  descrilxxi. 

4.3  Versal'lo''^ MR-100  riuid 


A  10%  decrease  in  the  dynamic  yield  slrc.ss  for  Vcrsaflo™  MR- 100  Fluid  is 
observed  over  the  temperature  range  of  -40  to  150“C  as  shown  in  Figure  IX.  The 
poluri/aition  mcch^inistii  utilized  in  a  niagnetorheologicul  fluid  is  not  affected  by  variutior.  in 
the  relative  permittivity  or  conductivity  of  the  currier  oil  and  panicle  cotmtonent  as  is  the 
case  in  ER  fluids,  Thus  the  variation  in  dynamic  yield  stress  observed  for  a  MR  tluid  is 
due  entirely  to  a  change  in  particle  volume  fraction  caused  by  the  expansion  at  elevated 
temperatures  and  contraction  at  low  tcmjrcratures  of  the  cairier  oil. 


Temperature  (°C) 


I'igufe  IX.  I.iynamic  Y ioW  SUcss  (Solid  Liiu-.s)  and  Plastic  Viscosity  (LX)ia:d  Line)  l-oi' 
\'cr,sul'lo'“  MR-  l(X)  Fluid  I’lolicd  as  a  l•uncuon  of 'I'cmijcraliiic. 


The  jdastic  viscosity  of  VcrsaFlo™  MR- 100  Fluid  decreases  by  95%  over  the 
temperature  range  of  -40  to  ISO^C.  The  overall  affect  of  this  large  decrease  in  viscosity  and 
limited  change  in  dynamic  yield  stress  is  a  several  order  of  inagniiude  decrease  in  the 
design  ratios,  and  as  the  temperature  is  increased.  Since  minimization  of 
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these  two  ratios  is  desired,  tlic  observed  decrease  in  these  rudos  represents  an  improvement 
over  elecirorheologioal  fluid  teclinology. 

S .  AITcct  of  Temperalure  on  Device  Performance 

In  order  to  insure  that  the  size  and  shape  of  a  device  is  appropriate  for  use  over  a 
s|)ccified  temperature  range,  an  engineer  usually  must  design  the  device  to  accomrnodate 
the  dynamic  yield  stress  exhibit^  by  the  controllable  fluid  at  the  highest  operating 
temperature.  (Tliigh)  and  the  plastic  viscosity  exhibited  by  the  con  tollable  fluid  at  the  lowest 
operaung  temperature  (I'uiw).  Although  this  situation  will  not  occur  during  the  nonnal  use 
of  a  device,  utilization  of  the  plastic  viscosity  at  Tlow  and  the  dynamic  yield  stress  at  Tiiigii 
in  the  design  ratios,  and  tipIii»'I provides  a  first  approximation  in 

deternuning  the  feasibility  of  using  a  particular  controllable  fluid  in  a  S[)ecific  application. 

'llie  affect  of  temperature  on  the  mcchaiticul  |)crfomiancc  of  ti  conuollabic  fluid  device 
is  manifested  itt  the  Bingham  plastic  behavior  exhibited  by  the  controllable  fluid. 
According  to  the  Bingham  plastic  model  (see  Etiuaiion  1.51),  the  .shear  stress  obscivcd  for  a 
conuollablc  fluid  is  ctiual  to  the  sum  of  tlic  dynamic  yield  stress  and  the  viscous  componciu 
of  the  fluid.  As  shown  in  Equation  |6|,  die  temperature  dependence  of  the  Bingham  plastic 
model  can  be  written  to  define  the  fractional  change  in  shear  stress  as  the  sum  of  the 
fractional  change  in  yield  .stress  and  viscous  component.  The  total  change  in  shear  stress 
measured  for  a  controllable  fluid  inherently  will  be  proitonional  to  the  fractional  change  in 
force  output  exhibited  by  a  device. 


AX, 


'y(E  or  II) 


X, 


-'AT 


5 .  /  Ekctrorlieolo^ical  rimds 


IM 


In  I'igurc  X,  the  shear  stress  measured  at  a  shear  rate  of  .S(K)  sec  '  lor  Versal'lo'"^ 
EU-UK)  iitid  ER.200  Fluids  is  portrayed  as  a  funuion  of  operating  temperature.  For 
purposes  of  comparison,  examination  of  the  change  in  shear  stress  for  each  ol  these  fluids 
was  done  over  the  temperature  range  of  lO^C  to  ^“C.  Aiiptoximatcly  a  .5.5-5()%  decrease 
in  shear  stress  over  this  temperature  range  is  ob.scrved  for  both  of  these  fluids.  This  means 
thiit  a  device  incorporating  these  controllable  fluids  must  accommodate  a  55%  decrease  in 
force  oulitut  when  oixtrated  over  the  range  of  1()“C  to  y()°C  ;it  it  shetir  lUtc  of  5(X)  ,sci- '  . 


Incorponiting  the  plastic  viscosity  measured  at  lO^C.'  and  the  d  /namic  yield  stress 
measured  at  90°C  for  the  VcrsaFlo''''^  ER-KK)  and  ER-200  Fduiils  into  Equation  16| 
provides  a  check  on  the  validity  of  the  Bingham  plastic  model  In  predicting  the  behtivior 
exhibited  by  controllable  fluids.  Over  this  temperature  range  a  decrease  in  the  fractional 
yield  stress  of  44%  and  45%  is  calculated  for  VersaFlo™  ER-1()()  ami  ER-2(K)  Fluids, 
respectively.  In  addition,  a  decrease  in  die  viscous  component  for  VersaFlo™  ER-100  and 
ER-200  Fluids  of  10%  and  7%,  rcsiiectively.  is  calculated  using  a  shear  rate  of  5{X)  sec 
Tiius  the  total  expected  change  in  siicai'  stress  of  52-54%  its  caicuiaicd  from  Equation  ioj  is 
in  gcxxl  agreement  with  the  actual  measured  values  of  55-56%. 
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Figure  X.  Shear  Stress  Measured  at  500  see"'  For  Versuldo'”  UK-UX)  ISulid  Luil-sI  ami 
ER-200  [  Dotted  Lincsl  Fluids  Plotted  as  a  Function  of  Temiteratuie. 


In  order  to  provide  stability  to  the  force  output  of  a  device  over  a  specilicti 
temperature  range,  variation  in  the  viscous  component  of  the  shear  stress  exhibited  by  it 
controllable  fluid  must  be  limited.  In  the  previous  comparison,  the  change  in  the  viscous 
component  of  the  shear  stress  was  relatively  small  (7-10%).  However,  these  ealculatiuns 
assumed  that  the  shear  rate  of  the  device  was  5(X)  sec-'.  If  a  device  were  designed  lo 
operate  at  a  higher  shear  rate  (i.c..  5000  sec-'),  the  variation  in  the  vi.seou.s  conipoiiem  with 
respect  to  temperature  would  have '» ttxtre  pronounced  affect  on  the  total  I'oree  output  ol  ilie 
device.  In  this  particular  example,  .le  change  in  the  vLseous  component  of  the  shear  suess 
would  be  between  70  to  KX)%  over  the  temperature  range  of  Ui  -  9()‘'C.  Tliis  inerra.sed 
variation  in  the  viscous  component  of  the  shear  stress  exhibited  by  the  HR  fluid  would 
cause  the  overall  force  output  of  the  device  to  decrease  by  as  much  as  1 15-144%  ov  r  tni.s 
temperatuie  range. 

5 .2  Ma^netorheolo^ical  Fluids 

In  Figure  XI,  the  force  output  of  a  contiollablc  fluid  damper  operated  at  a  sliear  ntu- 
of  5000  sec-'  using  VersaFlo’'^  MR- 100  Fluid  is  plotted  as  a  function  of  icmperuturc.  Tin 
total  force  output  of  this  MR  fluid  damper  was  measured  to  decrease  by  1 8%  in  going  from 


40 "(  to  1S()°C.  For  comparison,  the  change  in  dynamic  yield  stress  and  viscous 
('('iiiponcni  exhibited  by  the  conu'ollable  fluid  was  calculated  using  Equation  [6]  to  be  10% 
iind  (i%,  rcspeciivcly.  The  calculated  change  in  force  output  for  the  device  of  16%  by 
mcorporating  the  properties  exhibited  by  VcrsaFlo™  MR- 100  Fluid  into  Equation  161  is 
very  similar  to  the  actual  measured  change  of  18%.  The  constant  force  output  of  a  MR 
lluid  device  over  a  broad  temperature  range  mt  ‘  s  this  magnetorheological  fluid  technology 
attractive 

Y  =  5000  sec"* 


Figure  XI,  Fiircc  Output  of  MR  Fluid  Dillll|)Cr  (4(1  iimi  diuiicli'r  oiuci  i-ylinder.  t2()  nini  siioki;, 

I  It/,  .‘iirokc  rate,  ,‘>(XK)  see  '  slieiu  rate)  Containillg  Vcr.Siil'lo  MR-  IDO  Fluid  Flullcd 
as  a  Function  of  Tcni|x;raturc. 

6.  Conclusion 

Extreme  variation  in  ctinent  density,  viscosity  and  dynamic  yield  stress  has  lieen 
reported  for  clecirorhcological  fluids  that  utilise  an  ionic  mediated  polarization  mechanism. 
Irreversible  paniele  electrophoresis  to  one  electrode  is  ob.scrvcd  to  occur  for  tlicse  fluids 
when  operated  below  0°C.  At  elevated  tcmpcraiurc.s,  large  increases  in  the  observed 
cunent  density  of  the, sc  ER  fluids  correlates  with  a  dramatic  increase  in  device  power 
consumption.  The  vtiriation  in  dynamic  yield  stress  values  with  respect  to  a  change  in 
tcrn|x*rature  is  suggc.stcd  to  be  predominately  due  to  a  change  in  the  condueiivity  asstHtiated 
vdili  the  particle  and  oil  components  of  the  ER  fluid.  I’his  change  in  condueiivity  affects 
the  ability  of  the  particles  to  polarize  as  described  by  the  eoniplcx  dipolar  eoefricieni 
reponed  in  qiitintilative  intxlels  for  the  F.R  effect. 

Increasing  the  operating  temperature  range  of  an  clecirorhcological  fluid  is  possible 
by  using  panicles  that  undergo  a  non-ionie  int^iaied  polarization  meehani.sm.  However, 
the.se  state-of-the-art  ER  fluids  still  cxpeiienec  a  change  in  both  viscosity  and  dynamic  yield 
stress  upon  variation  in  the  oixraiing  temperature.  The  variation  in  dynamic  yield  stress  is 
suggc.stcd  to  be  picdoininuiely  due  to  a  ehange  in  the  relative  permittivity  associated  with 
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the  particle  and  oil  components  of  the  ER  fluid  This  change  in  relative  permittivity  also 
affects  the  ability  of  the  particles  to  polarize  as  described  by  the  complex  dipolar  coefficient. 

Although  magnetorheological  fluids  exhibit  variations  in  viscosity  similar  to  ER 
fluids,  these  magnetically  activated  fluids  exhibit  only  limited  change  in  the  dynamic  yield 
su'ess  value  over  an  extremely  broad  temperature  range.  This  small  amount  of  change  in 
dynamic  yield  stress  is  due  entirely  to  the  change  in  particle  volume  fraction  that  occurs 
over  the  temperature  range.  Tlie  encountered  variation  in  particle  volume  fraction  is  caused 
by  the  expansion/contraction  of  the  carrier  oil  compxrnent  over  this  temperature  range. 

The  fractional  change  in  the  force  output  of  a  controllable  fluid  device  over  a  specified 
temperature  range  has  been  found  to  be  predictable  using  an  extension  of  the  Bingham 
plastic  model.  Actual  measured  data  for  electrorheological  and  magnetorheological  fluids 
were  found  to  be  in  good  agreement  with  the  calculated  values  obtained  from  this  model. 

(’ontrollable  fluids  currently  exist  that  exhibit  dynamic  yield  stress  values  in  excess  of 
3  kPa  and  plastic  viscosities  less  than  700  mPa-sec.  The  properties  exhibited  by  these  ER 
and  MR  fluids  make  the  use  of  controllable  fluid  devices  in  a  variety  of  applications 
feasible.  In  general,  these  controllable  fluids  exhibit  no  mechanical  stiction  and  low  current 
density.  VersaFlo™  ER-100  Fluid  is  an  example  of  a  standard  ER  fluid  exhibiting  stable 
performance  over  a  limited  temperature  range  (10  -  90°C).  VersaFlo™  ER-2(X)/20i  Fluids 
represent  statc-of-ihe-art  ER  fluids  offering  high  yield  stfess  values  and  stability  over  a 
broader  temperature  range  (-25  to  125°C).  VersaFlo™  MR-KX)  fluid  is  an  example  of  a 
magnetorheological  fluid  offering  extremely  high  yield  stress  values  and  stability  over  a 
very  broad  temperature  range  (-40  to  150"C). 
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ABSTRACT 

The  aim  ol  this  iiivcstigalion  was  lo  cslahlish  llic  relative  role  of  high  (iiclecirie 
constant  particulates  on  the  yield  stress  in  silicone  oil-hascd  cleelroiheological  lluids. 
mcclrorhcolugieal  hcliaviur  was  observed  in  lluids  containing  high  dielectric  particulates 
utidcr  allcriialing  and  direct  electric  liekis.  At  low  Irequcneics  (5-50  H/.)  optitnuiti  field 
conditions  were  established,  which  indicate  an  advantage  in  the  use  of  high  dielectric 
constant  particles  lor  ciccirorhculogical  lluids.  Other  factors,  in  addition  to  the  intrinsic 
bulk  dielectric  pro|)crtie.s,  which  inllucnce  the  eiccirorlieological  properties  include  particle 
inoriihology  and  surface  crystallinity  . 

Introduction 

Electrofbeological  lluids  (ERI'S)  have  poletitial  for  electrically  controllable  shock 
absorbers,  clutches,  and  engine  mounts  in  automotive  applications. ’•2-''  However,  there 
exist  a  number  of  limitations  in  present  clcclrorheologica]  fluids  including  insufficient  yield 
stress,  poor  temperature  stability,  and  high  power  consumption."^  Davis'  (1992-“’)  recent 
model  for  ERF  performance  suggests  that  high  dielectric  constant  particulates  could 
enhance  the  yield  stress  and  yield  moduli  in  ERFs. 

The  objective  of  this  work  was  to  explore  the  use  of  high  dielectric  constant 
particulates,  based  on  well-known  Icrroclcctric  and  related  dielectric  particulates,  for  ERFs. 
In  the  course  of  this  study,  other  particulate  properties  relevant  to  tlie  ERF  performance 
were  diseovered  to  he  important;  these  include  morphology  and  surface  crystallinity. 

Experimental  Procedure 

Powders  from  a  range  of  sources  were  obtained  to  test  the  relative  role  of  material 
dielectric  constant  on  tlic  yield  stress  of  an  ERE.  Tabic  I  outlines  a  variety  of  materials 
investigated,  the  associated  bulk  properties  and  sources.  Powders  with  a  median  particle 
size  of  ~  O.."!  to  1 .0  |im  permitted  physical  consistency  between  ERFs  and  al.so  allowed 
su.s|fensions  to  be  stable  beyond  the  time  of  experimentation.  The  silicone  oil  carrier  fluid 
liad  a  kinematic  viscosity  of  SO  centi.stokcs.  flic  powders  were  characterized  using  an 
Electroscan  ESO-.l  .scanning  electron  microscope  and  BET  gas  adsorption  using  a 
Qiiantaehrome  MS- 12. 
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Table  1.  Properties  of  Selected  Dielectric  Powders 
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Particle  dispersions  ol'  20  volume  %  solids  were  examined.  The  powders  were 
dispersed  into  sdiconc  oil  with  a  high  shear  mixing  lechnitiue  to  ensure  good  tiispersion 
and  breakup  of  soft  agglomerates. 

Elcctrorhcological  measurements  were  made  by  determining  the  Bingham  IluitI 
response  on  a  Drookf'icld-rolational  vi.scoinetcr  DV-1.  Motlifiealions  were  made  'vhieh 
permitted  the  application  ol  noth  direct  and  alternating  fields  tlirougli  a  TRRKftZOA 
amplificr/power  supply.  Various  rrequeneies  (1  i:  •  .SOO  H/.)  were  oblainetl  using  a 
Global  Specialties  V-A  waveform  generator.  The  root-mean  .square  voltage  wtis  measured 
using  an  HP-digital  multimeter  model  .3478A. 

Owing  to  the  strong  influence  of  elcetroplioresis,  alternating  field  measurements 
preeeded  the  direct  field  mea.surements.  This  ensured  no  effective  loss  of  piirlicles  from  tlie 
suspension  to  the  electrodes  until  tlie  last  run  uf  tlie  experiment.  Ihaneipally,  two  a.e. 
I'requeneics  were  used.  Tlie  first  gave  the  maximum  liRl-  rcspon.se  and  generally  ranged 
between  5  to  50  Hz;  tiiis  was  determined  by  monitoring  the  mtiximum  sbeiir  stress  at  a 
given  shear  rate  wliile  scanning  thiougli  the  applied  frequency  lor  a  eonslant  fielil  strcngtli. 
The  second  a.e.  frequency  was  fixed  at  300  Hz.  Tlie  ERI's  were  all  measured  ai  worn 
temperature  and  wititin  a  few  liours  of  mixing  to  prevent  any  effects  of  suspension 
instability. 

Observations  of  tlie  elceirieally  induced  fibril  siruelures  due  to  particle  itlignniciil 
were  performed  in  tliermo.set-liased  suspensions  using  silicone  elastomer  (Sylgui'd-184 
Dow  Corning)  Alignmeiit  was  induced  under  electric  fields  in  tlie  uiipolyiiierizcd  state  and 
cross-linked  at  60°C  for  approximately  40  minutes.  Seetitais  from  the  polymerized  silicone 
ela,stomer  were  studied  using  SEM  to  investigate  fibril  structures. 
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Results  and  Uiscussiuii 


Using  dicleclric  particles  ol' similar  size  and  volume  I'raeiioii,  various  LiRl's  were 
mixed  such  that  the  intrinnie  dielectric  constant  of  the  materials  was  the  major  tiilTerencc 
between  the  various  suspensions  examined.  The  liRFs  all  demonstrated  typical  Uinghuni 
behavior,  es[>eciully  under  the  alternating  fields,  as  .seen  in  Ingures  la,b. 


I'  iKUrc  1.  Hxiiiiipicsol'llic  Hiiighum  Ituiil  rc.s|Kin.sc  lor  tlio  l-KI  's  siiiilicil  (A)  Dii  fiO  v20 
voluiiie'/i’  ill  .1(X)  Hz  tor  IlcIJs  hclwceii  0.2  to  O.K  kV/iiim  ami  (Ul  l)i4Tii()|2-ll)  voliiiiic'/c  l.)i 
fields  bclwceii  0,2  to  0.4  kV/min. 


From  the  rheology  plots,  yield  stresses  could  be  extrapolated  from  the  tiynamic 
Hingham  regime.  Also  by  measuring  the  yield  slius.ses  for  various  electric  field  conditions, 
the  quadratic  dependence  of  the  FRF  resnon.se  as  a  function  of  the  field  strength  could  be 
evaluated.  The  yield  strc.s.s-field  square  deioendences  for  various  FRFs  tire  given  in  Ingure 
2(a-g), 
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Bi4Ti30;2  KRF  only  contained  10  vol%  of  powder.  This  lower  volume  fraction 
was  used  because  the  high  shear  stresses  obtained  in  these  fluids  limited  the  data  collection 
at  20  vol%.  For  the  field  levels  used  in  this  investigation,  linear  relationships  were 
established  between  the  yield  stress  and  field  strength  .squared  for  the  alternating  electric 
fields.  In  the  case  of  direct  fields,  the  quadratic  relationship  was  often  not  observed. 
Inspection  of  electrodes  indicated  these  suspensions  were  all  subject  to  electrophoretic 
deposition  of  the  powders.  The  implementation  of  alternating  fields  was  found  to  override 
electrophoretic  deposition  and  permit  the  electrorheological  effect  to  be  activated,  "iric 
relative  performance  of  FRFs  with  diffcient  dielectric  fillers  aie  compared  in  Figure  .d  for 
one  field  strength  (~  0.7  Kv/inm)  at  the  optimum  frequency  response, 


Fiaui  0  3.  Yield  .stress  de|x:ii(lLiue  of  filler  dielectric  consiani  al  .i  cimsianl  lleltl  sireiigtli  ol 
0.7  kV/iniii  and  al  iiiuxiiiiuiii  I'requeiicy  comliiloiis. 


Analysis  of  the  gradients  obtained  in  the  yield  stress  vs.  itlots,  I  'iguie  2,  permits 
comparisons  of  the  various  FRF's  to  be  itiiide  over  wirier  field  ranges.  The  gfitrlicnt  is  a 
measuie  of  the  tclative  sensitivity  of  an  BRF  at  a  given  alternating  lret]iiency  (opliminn  tiiid 
300  Hz)  over  a  range  of  field  strengths.  The  gradients  are  plottetl  tigainst  the  bulk  dieleetrie 
constants  of  the  particulate  materials  in  I’iguie  4. 
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diclccuic  cimsUiiil  (k)  ilidctliii-  consiimi  Ik) 

Fijjurc  4.  (iiudk'til  plol.s  (Iciciniiiiiiip  llm  relalivc  ilepciiiluiico  ol  -  response  ns  n 
funetion  of  I'lllei  diulueUiL  constniil  nl  (A)  miixinium  IVecpioncy  iiiid  (H)  3(X)  II/. 

From  Figures  3  and  4a,b  a  general  increase  of  yield  stress  with  hulk  dielectric 
constant  for  ERFs  under  o|)timuin  I'reque.ncy  conditions  (5-5t)  Hz)  was  found.  I'liis  trend 
corresponds  closely  to  the  dodecanc-ha.sed  ERFs  studied  hy  tiarino  et  al.'^’  From  F'igure  3 
there  exist  two  fluids  which  did  not  follow  the  general  trend.  These  exceptional  cases 
contained  10  vol%  Bi4Ti^()|2  and  20  vol%  l’h(Mgi/.iNh2/.0O(.  From  a  scanning  electron 
microscope  investigation,  the  Fh(Mgi/3Nh2/,i)();(  particles  showed  an  amoi  |)hous  coaling, 
perhaps  resulting  from  the  excess  FhO  added  iluring  prrwder  synthesis  lo  compensate  its 
high  volatility  during  calcination.  This  amorphous  coating  wotilil  effectively  lower  the 
dielectric  constant  vif  the  iiarticle  lo  levels  far  helow  the  expected  hulk  jiropcrties.  The 
Bi4Ti30|2  BRFs  sln)vved  properties  which  exceeded  their  expected  dieleclric  constant 
performance.  Figure  5  is  a  .scanning  electron  micrograph  of  a  cross-linked  sample 
showing  ilie  platelet  morphology  of  the  Ui4Ti3()|2  aligned  corner  lo  corner  along  the  fibril 
axis. 


l''ii;uri.'  5.  .Seuimliig  clccliiin  iiiicrognipli  til  iiligiicd  plaltlt!  Itiat  iiOiT  piiiliclos  iii  a 
cross-liiikcd  aticano  elastomer  matrix 
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From  Figures  4(a)  and  (b)  Ihc  rclalivc  importance  ol'cleclric  field  frequency  and 
dielectric  constant  can  be  deduced.  The  optinuim  frequency  conditions  showed  the 
advantage  of  high  dielectric  constant  particles,  whereas,  the  300  Hz  showed  no  advantage 
in  using  higher  dielectric  constant  puiliculules.  The  frc(|ucncy  dependence  of  the  yield 
stress  may  he  associated  with  variations  in  Ihc  fibril  structure  as  recently  observed  in 
polymer  matiices  by  Bowen  e(  al.^  The  underlying  link  between  the  fibrils  and  yield  stress 
may  then  l>c  related  to  the  relative  interfacial  charge  |X)larization  difference  from  50  to  3(X) 
Hz.  The  distinctive  morphology  of  the  BiqTijOia  particulates  gives  lise  to  a  larger  local 
field  for  a  given  dielectric  constant.  These  field  gradients  can  enhance  the  interparticle 
atUactions  to  give  high  yield  strcs.ses. 

Suniniary  unci  Conclusion 

High  dielectric  constant  particulates  suspended  in  silicone  oil  are  suitable  for  LiRF 
components  at  low  frequencies  ~5  -  50  Hz.  Particle  morphology  was  found  to  strongly 
enhance  tlie  yield  stress  as  ob.served  with  Bi,)l’i,tC|2  platelets.  Based  on  these 
observations,  there  exists  great  potential  in  designing  liRFs  with  modern  powder  synthesis 
techniques  and  using  suitable  high  dielectric  materials.  Using  technologies  established  in 
the  caitaeitor  and  piezoelectric  eeramic.s-ha.scd  industries,  further  manipulation  of  other 
liRl'  properties,  including  temperature  stability  and  power  consumption  may  he  possible 
through  material  choice  and  ilopani  control.  The  tailoring  of  dielectric  properties  and 
piulicle  morphology  makes  high  dielectric  particulates  very  atuaciive  for  LiRP'  applications. 
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ELECTRORHEOLOGICAL  FLUIDS 
BASED  ON  POLYURETHANE  DISPERSIONS 

ROBERT  BLOODWORTH 

Central  Research,  Bayer  AG,  511368  Leverkusen,  Germany 


ABSIRACT 

This  paper  describes  a  new  class  of  elcclrorheological  riuids  based  on  non- 
aqueous  polyurethane  dispersions.  The  fluids  arc  water-free  ajid  were  develoircd  as  an 
alternative  to  first  generation  silica  gel-based  ERF’s.  The  disircrscd  phase  is  a  specially 
developed  polyurethane  which  siabi!i/cs  and  solvates  metal  ions.  Tltc  lliiids  exhibit  an 
attractive  combination  of  properties:  tow  vi.scosity,  high  ER-eft'cct,  and  low  conductivity. 

The  fluids  lesist  settling  and  arc  readily  redispersible.  The  ER-projtcrtics  have  Irccn 
correlated  with  dielectric  lo.ss  measurements  and  can  be  directly  related  to  the  rtitc  of 
polarization  tuid  sticar  rate.  Using  the  concept  of  timc-tenqrcrature  equivalence,  a  master 
curve  describing  the  behavior  of  a  polyuiethanc  ER-lIuid  at  any  tenrixirature  or  shear  rate 
was  constructed  from  couettc  viscometer  data  obtained  at  different  tcm|x;iatures. 

This  paper  is  coticerned  with  a  new  class  of  clectrorheological  fluids  which 
have  been  developed  at  Bayer  during  the  past  .several  years.  Tlicsc  tnaterials  are  the 
result  of  an  intensive  effort  to  develop  .stable,  reproducible  ER-Huids  for  practical 
applications  without  the  problems  associated  with  water  based  systems. 

1.  History  of  ER-Fluid  Development  at  Bayer  AG 

Work  on  ER-Fluids  at  Bayer  started  in  1981.  Tlie  aim  was  to  find  ER-fluids 
for  positively  controlled  engine  mounts  and  other  technical  applications.  Practical 
ER-tluids  must  fulfill  stringent  requirements  to  meet  this  target.  In  automotive 
applications,  for  example,  the  ER-construction  must  remain  effective  over  a  wide 
temperature  range  from  -30°C  (-22°F)  to  more  than  1  lO^C  (23()°F).  In  addition,  the 
ER  fluid  must  be  resistant  to  .settling  and  aging,  and  stable  in  storage.  Perhaps  most 
impoitant,  the  fluids  should  not  attack,  dissolve  or  cause  swelling  of  materials  coming 
into  co..tact  with  them,  in  particular  elastomers. 

.At  the  time  of  this  work,  ER-fluids  which  .satisfied  the  above  requirements 
were  neither  commercially  available,  nor  did  appropriate  information  exist  in  the 
literature  de.scribing  such  fluids.  Therefore  both  the  ER-fluids  and  the  appropriate  test 
methods  were  developed  at  Bayer  AG  during  a  research  project  lasting  several  years. 
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1. 1.  ER-Fluich  Based  on  Zeolite  and  Silica  Gel  Dispersions 

Tlie  results  of  these  research  and  development  efforts,  which  included  the 
examination  of  a  large  number  of  different  systems,  were  dispersions  of  silica  gel  or 
silicates  in  silicone  oil  or  hydrocarbons.  The  fluids  were  ER  activc  by  virtue  of 
adsorbed  water  on  the  silica  gel  (1-5  Wt.%). 

An  ER-fluid  based  on  a  silica  gel  di.spcrsions  had  already  been  de.scribcd  by 
Winslow'  and  others.  However,  Oppermann  and  Gossens^"*  discovered  that  the 
addition  of  special  functional  polysiloxancs  and/or  polymers  as  di.spersing  agents  was 
of  critical  importance  in  improving  the  resistance  to  settling  and  the 
clectiorheological  properties  of  the  dispersions.  These  special  dispersing  agents  made 
it  possible  to  incrca.se  the  volume  fraction  of  solids  iiuil  to  decrease  the  quantity  of 
adsorbed  water.  Consequently,  the  cicctroviscous  effect  of  these  fluids  is  quite  strong 
even  at  temperatures  up  to  and  exceeding  1 10  °C  (230“l').  More  recent  work  by 
Eilisko^  has  shown  that  such  zeolite  based  systems  can  also  function  without  the 
presence  of  water. 

De.spitc  the  improvement  that  these  "new"  silica  gel  fluids  could  be  activated 
by  very  small  quantities  of  adsorbed  water,  they  still  had  a  number  of  serious 
problems  which  prevented  their  use  in  practical  applications. 


TabkM^clvai>lajj(!!utn(h|isiKlvaniajiCM)hji^^ 


Advantage.s 

Di.sadvantagc.s 

high  shear  stresses 

low  minimum  field  strength 

high  zero  field  viscosity 
relatively  high  conductivity 
abrasive 

.sedimentation;  stability 

Table  1  lists  the  advantages  and  disadvantages  of  silica  gel  based  fluids.  It  is 
apparent  that  although  the  fluids  aie  capable  of  high  shear  stresses,  this  property 
alone  is  in  and  of  itself  insufficient  for  practical  applications.  Especially  Uoubling  is 
the  high  conductivity  (a  direct  result  of  the  adsorbed  water),  abrasivness  and  perhaps 
most  importantly,  the  serlimentation  and  stability  of  these  fluids.  The  major  problem 
with  water  based  fluids  is  the  strong  dependence  of  the  ER-cffcct  upon  the 
concentration  of  water,  however,  an  additional  problem  of  silica  based  fluids  is  the 
self-condensation  of  activated  silica  gels  in  the  presence  of  water,  When  such  a  fluid 
sediments  and  is  left  standing  over  along  period  of  time,  not  only  is  it  not 
redispersible,  it  has  often  .solidified  into  something  rcscmbl'iig  cement.  Although  it  is 
possible  to  compensate  these  problems  to  some  extent  through  surface  modification 
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of  tlie  particles  (c.g.  surfactants),  the  goal  of  the  present  work  was  to  avoid  water- 
based  systems,  and  if  possible,  to  choose  a  dispersed  phase  that  would  be  non¬ 
abrasive  and  inherently  less  prone  to  sedimentation. 

1.2.  Considerations  in  Developing  Improved  ER-Fluids 

Table  2  lists  the  design  criteria  for  a  new  generation  of  ER-fluids.  Contrary  to  the 
generally  followed  approach  of  maximizing  the  ER-effcct  at  all  cost,  additional  design 
parameters  of  practical  importance  were  given  priority.  The  varied  requirements  for  an 
ER-Fluid  can  be  separated  into  "necessary"  and  "advantageous"  properties,  guiding  the 
choice  of  the  dispersed  and  continuous  phases. 


Table  2:  Gwils  for  the  (levclogiiiciil  of  new  Ko.ncratioii  ER-fluids. 


1  Primary  Goals 

Secondary  Goals  I 

1  stability 

low  zero-field  vi.scosity  I 

1  acceptable,  reproducible  ER-effect 

low  conductivity 

1  water-free 

wide  effective  temperature  range 

1  non-abrasive  dispersed  phase 

1  low  .sedimentation;  re-di.spersiblc 

1 

2.  EK'Fluids  Based  on  Ionic  Conductors 

The  relatively  low  densities  of  suitable  non  polar  liquids  for  the  continuous 
phase  limits  the  choice  of  dispersed  phases  to  materials  with  low  densities.  One 
interesting  class  of  materials  is  the  organic  conductors.  An  examination  of  the 
literature  concerning  ERF  dispersed  phases  based  on  organic  conductors  reveals  that 
as  a  result  of  the  methods  used  in  their  preparation,  most  contain  ionizablc  groups 
(admittedly  sometimes  inadvertently),  and  are  in  fact  ionic  conductors. 

Table  3  depicts  a  number  of  known  dispersed  phases  who.se  polarization  could 
be  explained  by  an  ion-conduction  mechani.sm.  Among  the  inorganic  phases,  the 
aluminosilicates  with  the  highest  known  effects  contain  lattice  defects  which  allow 
ion  mobility,  or  are  "doped"  with  additional  metal  atoms.  Metal  hydroxides  have 
been  of  reported  to  show  good  ER-activity  when  activated  with  water  or  a  polar 
solvent  which  facilitates  the  mobility  of  the  ions.  A  number  of  interesting  systems 
based  on  anhydrous  inorganic  conductors  such  as  zirconium  doped  aluminosilicates 
have  been  reported  in  the  recent  patent  literature.*"® 
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Tabk^^xamgle^j^^^jisgerscd^gha^^tasa^uoni^onduclwnmcdijm^ 


Inorganics 

-  zeolites 

-  aluminosilicates 

-  metal  hydroxides 


Organics 

-  conducting  polymers  (doped) 

-  polyelectrolytes  such  as: 
poly(lithium  methacrylate) 
poly(sodium  styrene  sulfonate) 


Important  Mechanisms 

1)  Polarization  of  the  ions  is  assisted  by 
the  presence  of  water. 

2)  Dopant  cations  are  conductive. 

3)  Stabilization  via  an  ionic  matrix  of 
counterions. 


On  the  polymer  side,  the  well  known  polyelectrolyte  ba.sed  sy.stems  (including 
functionalized  ion-exchange  re.sin.s)  are  usually  activated  with  water  to  increase  the 
ER-response.  However,  a  number  of  reports  suggest  that  anhydrous  polar  solvents 
(even  aprotic  ones  like  propylene  carbonate)  can  also  be  used  to  activate  these 
systems.’''^  Depicted  in  Table  3  is  the  structure  of  poly(lithium  methacrylate),  a  well 
known  dispensed  pha,se  in  ER-fluid.s.  As  a  dry  powder,  the  lithium  ions  in  the 
particles  are  strongly  bound  by  the  carboxylate  groups.  The  addition  of  water  or 
another  substance  which  can  solvate  the  lithium  increases  the  ionic  mobility  and 
allows  for  a  surface  polarization  of  the  particle  in  an  clecnic  field.  We  propose  that 
the  si'tecial  role  of  water  for  the  ER-effect  lies  in  its  solvating  ability,  rather  than  in  its 
inherent  polarizability  in  an  electric  field. 

The  conducting  polymers  hare  listed  here  as  a  small  caveat  to  those  interested 
in  using  such  materials  as  dispersed  pha.ses.  Such  polymers  are  able  to  function  as 
electron  conductors,  and  should  have  advantages  over  ionic  systems  when  one 
considers  the  inherently  low  temperature  coefficient  of  electronic  conduction. 
However,  many  of  these  polymers  mu.st  be  doped  in  order  to  achieve  appreciable 
conductivities  and  most  are  polymerized  via  initiation  with  metal  ion  complexes. 
Because  ino.st  of  these  initiators  and  doping  agents  are  oxidants  or  strong  Lewis  acids 
which  can  generate  charged  byproducts,  the  polymer  must  be  carefully  purified  of 
free  ions  from  the  initiating  sy.stem  or  the  dopant.  Otherwise,  the  measured  ER- 
effects  arc  likely  to  result  from  ionic  polarisation  mechanisms. 
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A  careful  review  of  the  available  literature  reveals  that  the  only  known  truly 
strong  ER-fluids  arc  based  on  systems  with  ionic  polarization  mechanisms.  As 
previously  mentioned,  a  great  deal  of  work  has  been  done  using  ionic  polymers 
activated  with  water  or  .solvents,  however,  the  use  of  liquid  activators  of  any  type  is 
fraught  with  the  problems  associated  with  the  evaporation  or  leaching  of  the  activator. 


2. 1  Polyurethane-based  Ionic  Conductors  as  ERF  Dispersed  Phases 


Polymers  based  on  functional  polyethers  (as  well  as  aliphatic  polyesters  and 
polycarbonates)  can  be  cross  linked  with  i.socyanatcs  to  fonn  polyurethane  ela.stomers 
which  are  solid  solvciits  for  metal  .salts.  Especially  interesting  are  systems  containing 
.sequences  of  polyethylene  oxide.  The  high  solvating  power  of  the  PEO  segments  for 
metal  atoms  stems  from  the  interaction  of  the  electron  pairs  on  oxygen.  The  powerful 
cryptand  18-crown-6,  an  excellent  complexing  agent  for  lithium  and  .sodium  ions  is 
based  on  an  advantageous  circular  arrangement  of  the  oxygen  atoms  coordinating  the 
metal  cation.  Similar  structures,  in  which  a  central  metal  ion  is  enwrapped  by  a 
helical  PEO-chain  have  been  determined  for  crystalline  con>plexes  of  ethylene  glycol 
oligomers  and  alkali  metal  salts. 


■KoC^o-^- 

4.O4 


18-Crown-6-ethof  PEO-Li‘  Interaction 


Pigurc  1;  Scticmatic  representation  of  the  PolycUicrTl'’'  interaction. 


The  functional  polyether  .sequences  can,  for  example,  can  be  conveniently 
linked  with  isocyanates  to  form  polymers  with  the  dimensional  stability  required  for 
an  ERE  dispersed  phase  Using  expertise  gained  from  many  years  of  research  into 
polyuiethane  structure  and  propcnics,  we  can  optimize  the  chemistry  of  the  polymer 
network  to  control  the  ion  mobility,  thus  yielding  a  new  degree  of  contiol  over  the 
polarization  process  in  the  di.spcrscd  phase  of  the.se  ER-fluids. 


Polyether  or  Ester  Soft  Segment 

Urethane  Crosslinking 

low  Tg  permits  ion  mobility 

enhances  temperature  stability 

dissolves  and  binds  charge  carriers 

furnishes  structural  integrity 

CH;O^CHp-CH;-oj— CONH-^^~~^ 
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Figure  2:  Example  of  slruciurc  aiul  i)roi)crtic.s  of  a  simple  [xilyurcUiaiie  ERF  tlisixiiscil  jiliaso 


3.  Composition  of  ERF's  based  on  Polyurethane  L>is|>ci'sioiis 

Table  3  affords  a  general  description  of  the  fluids  referred  to  tluouglioui  iliis 
talk.  The  electrical  and  mechanical  properties  of  the  dispersed  phase  can  be  varied 
within  a  wide  range  of  behavior.  Variation  of  the  amount  and  type  of  added  .salts 
allows  an  additional  degree  of  freedom  in  controlling  the  suseejnibility  to 
polarization. 


TjbUM^GoncniWlescnjMiomonmEl^liik^illuyxjh^^ 


Dis|)cr.scd  Phase 

Continuous  Phase 

cro.ssliiiked  polyurethane 
dissolved  salts 
up  to  ca.  6(1%  solids 
very  fine  particles  (app.  3-5  |im) 
density  app.  1 .09 

polydimetliylsiloxaiie  oil 
silicone  di.spcrsing  agents 
stabilizers 
density  ai)p.  0.917 

Silicones  remain  a  top  choice  for  the  continuous  (rliase  as  a  result  of  tlicir 
favorable  combinatiou  of  properties,  chiclly  their  high  stability  and  low  teinperature 
coefficient  of  vi.seosity.  Special  dispersing  agents  and  .stabilizers  are  used  to  improve 
the  stability  against  sedimentation.  The  .small  particle  size  allows  for  fluids  whli  a 
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high  voluine  fraction  of  solids  while  maintaining  a  low  zero-f  .eld  viscosity.  This  also 
slows  the  inevitable  sedimentation  of  the  dispersed  phase  with  tin  it  and  improves  the 
stability  of  the  dispersion.  While  density  matching  of  the  two  phases  is  possible  in 
theory,  (at  one  temperature!),  the  fluorinated  and  chlorinated  oils  v/ith  the  necessary 
densities  are  e.xpensive  and  raise  a  number  of  toxicological  and  ecological  concerns. 

The  polyurethane  dispersions  are  made  using  a  proprietary  in-situ 
polycondensation  reaction  which  allows  a  good  degree  of  control  over  the  polymer 
properties  and  the  pai  ticle  size  distribution.  The  importance  of  the  size  distribution  of 
particles  lies  in  obtaining  stabile  dispersions  with  low  zero  field  viscosities. 
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Figure  3;  Etlocl  of  Icitijicraluvc  and  voluiii  i  Ini'-linn  soliU.s  on  liic  zero  iicld  viwosity. 

Figure  .3  depicts  the  tcinpcraiitrc  dependence  of  the  zero  field  viscosity  while  varying 
the  volume  fir  ttion  of  dispersed  phase.  In  general,  the  viscosities  arc  quite  low 
(<  .'iOd  tr.Fa  s),  considering  the  high  volume  fraction  of  soliils  present.  The 
temperature  dependence  of  die  vi.scosny  increa.o  s  with  increasing  volume  fraction  of 
polyureOianc.  The  viscosity  appears  virtually  shear  rate  independent  up  to  a  volume 
fraciio'i  of  4.‘  .6%.  The  sample  .shows  some  shear  thinning  upon  going  from 

1000  -  20i.,t's‘^  We  have  found  that  ve'ume  fractions  between  4()-.‘i0%  of  the 
di'  per.scd  phase  lead  to  a  good  all-around  combination  of  properties,  but  that  lower  or 
higher  volume  fractions  can  be  u.seful  foi  special  applications. 
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4.  ElectrorheoJogical  Properties  of  the  PU-Based  Fluids 

Figure  4  depicts  the  electrorheological  response  of  a  typical  PU-ERF 
optimized  for  a  maximum  ER-effect  in  the  60-100°C  temperature  range  (high 
temperature  fonnulation).  Characteristic  of  the  PU  systems  is  their  very  low  zero  field 
viscosity  and  their  relatively  low  conductivity.  A  low  zero  shear  viscosity  combined 
with  a  relatively  high  ER-response  yields  a  large  switchable  range  for  the  fluid.  The 
so-called  switching  factor  (Tau  @  3kV  /Tau  @  0  kV)  ratiges  from  about  10  at  25“  to 
approximately  200  at  90“.  However,  despite  the  generally  low  conductivity  of  the 
system  as  a  whole  (and  as  compared  to  other  known  systems),  the  values  climb 
exponentially  above  100-120“C  thus  preventing  application  at  extremely  high 
temperatures.  The  ER-re.sponse  occurs  at  field  suengths  above  IkV/mm  and  increa.ses 
approximately  linearly  with  the  field  .strength. 


DC  Couette  Viscometer  Test  @1000  s  ' 


I'igure  4:  ER-Bcliavior  ot  a  |H)lyurcthanc  baicil  ERF  for  higli  icinpcralurc  applications. 

Figure  5  depicts  the  ER-response  of  a  PU-ERF  fonnulatcd  for  applications  at 
ambient  temperatures  (low  temperature  formulation).  Here  the  maximum  shear  stress 
is  achieved  at  room  temperature.  The  switching  factor  and  conductiviiy  of  this  .sample 
are  comparable  to  those  of  the  previous  fluid.  The  response  has  been  shifted 
approximately  35°to  lower  temperatures.  Despite  the  decrea.se  in  excess  shear  stress 
below  25°,  a  switching  factor  of  7-3  is  acltieved  at  -10°C.  litis  would  be  adequate  for 
many  applications  not  requiring  an  extremely  strong  response  at  low  temneniturcs. 
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DC  Couette  Viscomotry  @  1000  s"' 
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Figure  S:  ER-Behavior  of  a  polyurcliianc  based  ERF  for  liigli  icmperaiure  api)licalions. 

One  of  the  key  questions  concerniag  the  usefulness  of  an  ER-fluid  is  its 
behavior  under  dynamic  conditions  i.e.  at  high  shear  rates.  The  ability  of  an  ER-fluid 
tc  respond  to  an  electric  field  under  high  shear  is  a  measure  of  how  fast  the  fluid 
switches  between  the  “on”  and  “off’  modes  and  is  tlierefore  important  for  many  of 
the  control  applications  envisioned  by  engineers.  An  adequate  ER-response  at  high 
shear  rates  is  also  of  utmost  importance  for  any  eventual  hvdraulics  applications  of 
ER.  The  polyurethane  ER-fluids  are  tested  under  high  shear  conditions  using  an  ER- 
valvc  consisting  of  an  electrified  cylindrical  annulus,  through  which  the  fluid  is 
forced  via  a  pneumatically  driven  piston  and  cylinder  arrangement.  Sustained 
performance  tests  have  also  been  performed  using  a  specially  adapted  hydraulic 
apparatus  through  which  the  fluid  is  mechanically  pumped. 

Figure  6  depicts  data  taken  using  the  laboratory  ER-Valvc  apparatus.  The 
shear  stress  is  plotted  as  a  function  of  shear  rate  and  field  suength  between  8,000  and 
80,000  S'*.  The  fluid  te.sted  was  the  LT-fonnulation  depicted  in  Figure  5.  The  very 
high  shear  stresses  are  in  part  due  to  the  increase  in  the  zero  field  shear  stress. 
However,  the  fluid  still  demonstrates  a  remarkable  ER-activity  at  extremely  high 
shear  rates. 


76 


High  Shear  ER  Vaive  Test  @  25°C 


Although  the  excess  shear  stress  decreases  with  increasing  shear  rate  at  fields 
below  4kV/nini,  shear  stress  can  still  be  increased  2-fold  by  a  field  strength  of  only 
2.67  kV/mm  at  a  shear  rate  of  20,000  sec'.  At  higher  field  strengths,  respectable 
switching  ranges  of  6-8  are  achievable  at  80,000  sec'  and  switching  factors  uf  greater 
than  40  arc  even  possible  at  shear  rates  as  high  as  10,000  sec-' .  Taking  into  account 
the  length  of  the  ER-valve  us  well  as  the  volumetric  flow  rate,  we  calculate  u 
residence  time  of  less  than  7  msec  for  the  fluid  flowing  through  the  valve  at  80,000 
sec-'.  The  actual  fluid  response  time  would  have  to  fcx;  much  faster  than  this  in  order 
to  achieve  measurable  ER-effects  at  such  high  shear  rates. 

The  (juestion  remains  as  to  how  the  ER-valve  data  corrcla.es  with  the 
viscosity  data  taken  using  a  Coueite  vi.scometer.  If  one  takes  the  shear  stress 
measured  at  1000-2000  sec  '  and  plots  it  on  the  graph  in  Fig.  6.  it  becomes  apparent 
that  at  the  same  field  strength,  the  'hear  stress  levels  measured  in  the  Cuuetle 
viscometer  lie  somewhat  lower  than  those  measured  in  the  ER-valve.  It  appears  that 
the  magnitude  of  the  ER-effect  in  these  (and  other)  fluids  depends  to  some  extent 
upon  the  geometry  and  mode  of  How.  Urunn  and  Vorwerk'  '  of  tlic  University  of 
Erlangen-Nurnberg  recently  presented  measurements  of  the  velocity  profile  of  an  ER- 
fluid  flowing  in  a  cltanncl.  The  measured  velocity  profile  of  an  ER-fluid  in  an  electric- 
field  changed  from  that  of  a  Newtonian  fluid  at  /.ero  field  le  that  of  an  ideal  Bingham 
fluid. 
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Figure  7  shows  the  idealized  Bingham  velocity  profiles  calculated  from 
measurements  on  a  PU-ERF  in  an  hydraulic  valve.  The  parabolic  profile  becomes 
flatter  and  approaches  plug  flow  at  high  field  strengtlis.  Thinking  in  terms  of  the 
chain-like  structure  of  an  ER-fluid  in  an  electrical  field,  it  becomes  clear  that  in  plug 
flow  the  chains  remain  essentially  intact  in  the  center  of  tlie  channel.  This  in  turn 
leads  to  higher  apparent  LR-effcct  in  flow  mode  devices.  In  a  Couette  viscometer  the 
chains  are  constantly  sheared  within  the  entire  active  volume  of  the  fluid,  leading  to 
somewhat  lower  shear  stresses.  Tlte  que.stion  remains  if  this  is  a  universal  atu  ibute  of 
ER-Fluids,  or  if  some  fluids  (perhaps  those  with  weak  particle-particle  surface 
interactions)  are  more  susceptible  than  others. 


ERF  Velocity  Profile  in  a  Ring  Channel 

Channel:  L=40mm,  b=0.75mm,  h=38.5mm 
400h.T=50“C,  Q=^6l/min.D*=27720s  ' 
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Figure  7:  Calculated  velocity  profiles  of  an  idcali/.cd  PU-ER-fluid  (Bingham  behavior)  in  valve  flow. 
D*  ”  slicai  rate  at  die  wall  as  calculated  for  a  Ncwloniati  fluid,  Q  =  voluinc'ric  flow  riuc 


One  of  the  questions  which  frequently  ari.ses  concerning  ER  fluids  is  their 
long  term  stability  in  use.  Figure  8  depicts  the  results  of  endurance  tests  using  a 
modifietl  hydraulic  apparatus.  Tlte  polyurethtuie  fluid  withstood  shear  rates  of  45,(,X)0 
sec  '  and  field  suengths  up  to  9  kV/mm  for  .several  thousand  hours  without 
significant  changes  in  the  fluid  properties. 


ER  Hydraulic  Valve:  Pressure  vs.  Field  Strength 

Q  =  10  l/min  Ef(.  Shear  Rate  =  45,000  sec  ' 


Figure  8:  Bcliavior  of  a  PU-ER-fluiil  under  continuous  use  in  an  hydraulic  apparatus. 

Shear  rate  at  the  wall  as  calculated  for  a  Newtonian  fluid,  Q  =  volumetric  flow  rale, 

5.  Correlation  of  Dielectric  Relaxation  and  ER-Effect 

One  of  die  most  intriguing  aspects  of  the  HU  dispersed  pha.ses  for  ER 
applications  is  the  ability  to  control  the  polarizability  through  changes  in  the  polymer 
matrix,  lliis  allows  one  to  investigate  directly  die  ER -effect  by  controlled  variation  of 
the  polymer  structure  and  sub.sequently  the  rate  of  polarization.  Figure  9  displays 
shear  stress  data  (D*=  1000-2260  sec)  for  two  polyurethane  based  ER-fluids  which 
have  been  fomiulated  for  ambient  (AT)  and  high  temperature  (HT)  applications,  In 
this  diagram,  the  shear  stress  data  is  plotted  as  a  function  of  tlie  frequency  of 
maximum  dielectric  loss,  as  measured  via  dielectric  spectroscopy.  The  location  of  the 
frequency  maximum  in  the  dielectric  spectrum  is  a  measure  of  the  rate  of  polarization 
of  the  polymer  at  that  temperature,  and  in  ion-containing  polymers  this  conesponds 
to  the  ionic  polanzation. 

Several  things  arc  remarkable  about  the  data  taken  on  these  samples. 

1)  Tlic  LT-iluid  has  its  maximum  .shear  sire.ss  in  a  fairly  narrow  35"  tcmperunire 
range  from  25  ■  bO^C. 
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2)  The  HT-fluid,  on  the  other  hand,  has  a  rather  broad  60°  range  for  its  inaximum 
shear  stress  between  60°  and  120°C. 

3)  Both  shear  stress  maxima  lie  within  a  2  decade  range  of  frequencies  centered 
around  1-2  kHz. 

4)  Willi  a  few  exceptions  (possibly  due  to  surface  effects)  the  shear  stress  and 
dielectric  loss  data  of  good  polyurethane  ER-fluids  lie  on  or  near  this  curve. 


Correlation  of  the  Dielectric  Loss 
and  the  Maximum  Shear  Stress 


figure  9;  Corrclaiioii  of  sliear  stress  and  dielectric  kws  measurements  of  a  ixdyurelliane  Iiased  ERf. 

These  results  suggest  a  window  of  optimal  frequencies  of  polarization  for  the 
polyurethane  dispersed  phase  between  100  and  10000  Hz.  Block  and  Kelly'-'’  first 
described  the  relationship  between  the  rate  of  polarization,  the  shear  rate,  and  the 
maximum  achievable  shear  suess.  lire  PU-ERF’s  al.so  appear  to  follow  Blocks  model 
for  the  dynamics  of  the  ER-cffect  under  shear.  Block’s  theory  slates  that  for  the 
maximum  ER-effect,  the  rate  of  polarization  should  optimally  lie  in  the  same 
frequency  range  as  the  shear  rate.  Too  slow  a  polarization  and  pearl  chains  never  have 
time  to  form,  too  fast,  and  the  chains  arc  dc.sti’oyed  upon  shearing. 

Figure  10  shows  the  behavior  of  the  AT  fluid  depicted  in  Fig.  9.  The  excess 
shear  stress  is  plotted  as  a  function  of  shear  rate  at  three  different  temperatures. 
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1)  The  25°C  data  indicates  a  maximum  in  the  shear  stress  at  approximately  200 
sec,  almost  exactly  the  dielectric  loss  frequency  at  that  temperature. 

2)  The  60°C  data  increases  towards  a  maximum  with  increasing  shear  rate. 

3)  The  10°C  data  decreases  from  its  maximum  shear  stress  with  increasing  shear 
rate. 

Tlie  maximum  of  the  shear  stress  curve  appears  to  be  shifted  to  higher  shear 
rates  with  increasing  temperature.  This  behavior  correlates  directly  with  Blocks 
theory  matching  the  rates  of  polarization  and  shear.  The  rate  of  polarization  increases 
naturally  with  increasing  temperature,  therefore  the  optimum  shear  rate  for  maximum 
field  induced  shear  stress  must  also  increase. 


Shear  Rate  and  Temperature  Effects 


Figure  10:  Excess  slicar  sU'cs.s  (Tau3kv  -  Tai^v)  as  a  funciion  of  shear  rate  at  10°C,  2.S  ’C  and  wr'C. 

This  type  of  frequency-temperature  correlation  is  well  known  in  polymeric 
systems.  The  time-temperature  superposition  principle  stales  that  it  is  possible  in  such 
cases  to  consuuct  a  master  curve  describing  the  behavior  of  the  material  at  any 
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temperature  simply  by  using  reduced  variables  and  shifting  the  response  curves  along 
the  frequency  axis  relative  to  a  reference  temperature. 

In  Figure  11,  the  curves  from  Fig.  10  have  been  shifted  along  the  frequency 
axis  by  a  factor  ay  to  yield  a  .so-called  Master  curve  describing  the  fluid  at  any 
tertiperature.  The  values  of  the  shift  factor,  ay.  were  fitted  using  the  an  empirical  form 
of  the  well  known  WLF-equation  which  is  commonly  used  to  fit  relaxation  data.'*’ 
The  constants  Ci  and  C2,  derived  from  relaxation  measurements  on  elastomeric 
polyurethanes,  were  taken  from  the  literature''^  and  used  without  modification.  An 
interpretation  of  the  significance  of  To  =  57“C  is  somewhat  suspect,  considering  that 
only  2  decades  of  shear  measurements  at  only  three  tempera'ures  were  used  for  the 
fit.  In  polymer  systems,  Tq.  often  lies  about  50°  above  the  glass  transition  temperature 
for  the  polymer,  the  temperature  below  which  segmental  motions  stop.  Could  the 
concepts  of  free  volume  which  played  such  a  large  role  in  developing  the  theories  that 
describe  polymer  relaxation  behavior  be  of  interest  in  unraveling  the  ER-effect  in 
such  polymer-based  systems? 


Shear  Stress  Data  "WLF  Master  Curve" 


rigun;  1 1 :  Ma.slci  Curve  lor  A  !'  iwlyurelliaiic  ER-flukl  fitted  according  to  u  WLF-lype  equation. 

it  is  well  knosvn  that  the  primary  chain  relaxations  responsible  for  the 
mechanical  properties  of  polymers  can  be  related  to  dieiecu  ic  relaxation  phenomena. 


82 


and  we  suggest  that  similar  relaxations  also  play  an  important  role  in  determining  the 
polarizability  of  polymeric  dispersed  phases  in  ER-fluids.  We  propose  that  the 
correlation  of  shear  stress  response  curves  with  temperature  dependent  dielectric  loss 
measurements  interpreted  within  the  framework  of  known  relaxation  phenomena  in 
polymers  can  lead  us  to  a  better  understanding  of  the  principle  processes  which 
govern  interfacial  polarization  and  the  ER-effect  in  these  systems. 

6.  Summary 

In  summary,  we  would  like  to  emphasize  the  following  achievements  of  this 

work. 

1)  As  part  of  an  ongoing  effort  to  develop  ER-fluids  for  practical  applications, 
we  have  created  a  new  generation  of  stable,  water-free  fluids  based  on 
polyurethane  dispersed  phases. 

2)  The  new  fluids  exhibit  low  viscosities,  good  ER-effect.s,  and  low  conductivity. 

3)  The  fluids  are  being  produced  in  a  pilot  plant  .scale,  with  excellent 
reproducibility. 

4)  We  have  developed  a  theoretical  basis  for  understanding  the  ER-effect  in 
these  systems  based  on  an  ionic  mechanism  of  polarization  and  arc  attempting 
to  quantify  the  correlation  between  the  dispersed  phase  structure,  surface 
polarization  and  ER-effect. 

Using  the  combined  tools  of  syntlietic  polymer  and  colloid  chemisuy,  we  can 
produce  fluids  custom  tailored  for  .specific  applications  and  are  cunently  attempting 
to  broaden  the  temperature  range  of  ER-respon.se  (currently  app.  90'’).  These  sy  stems 
show  promise  for  a  number  of  applications  and  we  arc  actively  working  with 
partners  t<'  develop  ER-devices  using  these  fluids. 

Special  hanks  to  the  members  of  the  ERF  Development  Team,  especially 
Dr.  Wendt  for  his  invaluable  assistance  in  preparing  for  this  paper. 
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Abstract 

One  way  to  improvo  the  olrcttorlirologkal  activity  of  many  siispeiisioiis  is  to  ai)<i 
a  small  amount  of  surfactant.  We  report  on  preliminary  experiments  invesligaliTig  the 
activation  of  alumina  snspeiiaiolis  using  three  ililfereiit  types  of  nonioiiic  surfactants. 
In  most  ciuscs,  arlHiug  surfaclanl  produces  a  sigmiicant  increase  in  the  dynamic  yield 
stress,  with  the  yield  stress  passing  through  a  maximum  as  the  surfactant  concentration 
IS  increased  We  also  find  that  the  influence  of  surfactants  on  the  re.spoiise  is  sensitive 
to  tlie  ainoiiut  of  water  in  the  suspension. 


1  Introduction 

Using  plcctrif  (iclds  tii  «ml.rol  suspension  viscosity  Inns  iminy  applications  in  toi'(|ue 
and  stress  trainsfor  devices  [1,  2,  3,  d,  5).  Applications  cnirenlly  being  developed 
iuelnde  engine  and  Imelt  cab  mounts,  shock  absorbcis.  and  robotic  actuators;  anlo- 
niotivo  elutclies  and  lir'‘kes  arc  envisioned,  but  conventional  electrorlieological  (KR) 
Iluids  cannot  provid<‘  the  retiuircd  torque  transfer.  OUicr  limitations  tliat  often  in- 
liibit  device  devrdopment  iuclutlc  excessive  power  consumption,  corrosion,  attrition, 
and  limited  leiuptM  alure  range  of  operation.  In  order  to  improve  existing  apidirations 
and  exploit  the  full  potential  of  ER  technology,  better  ER  fluids  are  needed. 

riie  EH  response  can  be  enhanced  by  the  addition  of  ecti'  aiors,  typically  small 
amount?  of  water  or  surfactants  (G,  7,  8.  !),  10,  11,  12,  13,  14]  However,  adding 
water  lo  activate  the  suspensions  also  increases  suspension  conductivity  and  power 
consuiuplion,  promotes  corrosion,  and  restricts  the  temperature  range  of  operation. 
We  have  initiated  an  investigation  of  Ell  suspensions  activated  by  surfactants.  Cliven 
the  large  number  of  siirfaetaiils.  it  is  reasonable  to  expect  that  systems  can  be  for¬ 
mulated  to  provide  a  significantly  enhanced  ER  response,  without  possessing  all  of 
tlie  limitations  a-ssociated  with  water-activated  suspensions. 

riie  goals  of  our  leseareii  are  to  determine  the  iiiechanisin  or  mechaaisins  by  wliieli 
surfactants  activate  tin*  ER  response,  and  to  determine  tlie  proirerlies  that  control  ER 
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acliviiY.  With  tills  iiifuniifilioii,  it  will  he  possihk'  to  iletermiiie  that  oxtciiL  Id  wlmh 
llie  l'',H  t('S])L)iise  can  be  oiiliaiicpd,  to  identify  any  possible  limitations,  and  iill.iinati'ly, 
to  design  and  optimize  I'ih  suspensions  and  devices  for  specific  a|>plicatlons. 

Ill  this  report,  we  ])ri'senl  preliminary  experimental  results  on  the  siirfactant- 
.K'tivatf  (1  ri'sponse  of  various  alumina  suspensions,  using  three  ililferent  types  of  non¬ 
ionic  smlactants.  'I'he  cnhancenienl  is  characterized  by  the  increase  in  the  ovnamic 
yield  stress,  which  is  measureil  with  a  modifierl  control l<‘d-strain  rheometer.  I'he  sim¬ 
ilarities  and  differences  among  the  various  fornndations  are  illustrai.ed.  aiul  dire<-lions 
for  future  work  are  discussed. 


2  Materials 

Suspensions  ((insisted  of  (AliO.i)  particles  dispersed  in  silicone  oil  (Si'ilfi.  (ii'ueral 
I'decliic,  i;,  =  O.tlfKib  I’a  s,p,.  =  !)ti8  kg/in').  'I'hree  diilerenl  types  of  activated  ahl 
mina  particles  wi'n’  employed;  acidic,  neutral  and  hasii  (.\ldrich,  /),, kg/m', 
average  pore  diameter  =  58  .Aiigstionis).  The  alumina  particles  were  approximately 
spherical  and  sieved  to  obtain  diaiin'lers  in  the  range  of  65  -  fill  ;iiii.  Noiiionic  siir- 
factauls  iiivi'stigaled  were  glycerol  inonooleato  (CIMO.  Clu'inical  Servici').  glycerol 
trioleate  (tlTO.  Cheiiiiciil  Service)  and  Hrij  ill)  Mlif 'lh).)(^H .  Aldrich). 


3  Suspension  Preparation 

Suspensions  wore  prepiired  hy  first  adding  the  surfactant  to  the  pure  silicoiu;  oil.  I'he 
particles  were  eitlutr  used  as  received  (“nondried  suspensions”),  or  were  dried  for  '1 
hours  under  vacuum  (-10  psig)  at  r)U'’(.'  to  remove  free  water  (“driini  suspensions"), 
This  drying  procedure  removed  water  in  the  amouiil  of  approximately  Q.2  wt%  of  the 
dried  particles.  ’I'he  particles  were  then  added  to  the  snrfac'.anl  solution  and  stored 
ill  a  (h'siccalor  to  iiiiiiiiniz.e contact  with  air.  Rheological  experiments  were  perfoimed 
at  least  one  or  two  days  after  sample  preparation. 


4  Rheological  Measurements 

Rheological  cxporiiiients  were  performed  on  a  liohlin  VOR  rheoinetc''  litted  with 
parallel  |ilates,  and  niodilied  for  the  ap|>lication  of  large  electric  Reids  (a  schematic 
diagram  of  llic  modilied  rhoomoler  is  presented  in  Tig.  1).  Tolential  dilferences  were 
supplied  by  a  function  generator  (Stanford  IT  arch  Systems,  model  nSTlb)  and 
ainplilied  willi  a  Irek  model  10/10  ainplilier.  Txperimculs  were  conducted  with  an 
eh’ctric  held  freipicncy  of  .500  Hz  (exiepl  for  the  frequency  sweep  experiments). 

Suspensions  were  placed  Iretween  the  parallel  plates,  and  slieared  for  one  minute  at 
a  la.ge  shear  rate  (>  40  .s“' )  and  zero  Reid  strength  to  insure  a  uniform  distribution  of 
panicles.  Tlie  desired  electric  field  was  applied  fo.  one  minute  prior  to  the  rhc'ological 
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Torque  Transducer 


I'iljiiic  1.  Si  lii'iii.'il  I'  of  llu'  rlii'oiiii'liT  iiuidllircl  for  Uic  .'i|>pll<'iiLiiin  of  I'Vrui-  ricctrif  lii'lils. 

nicasuiciiK'iils.  Hlii'uli)(j,i(  al  iiu'iisiirr'iiK'iif.s  won'  porfi'niiod  by  slioiiriiii;  i  ho  siisponsion 
Hi  coiiiiliuil  slioHi'  ral.o  uihIoi-  I  ho  iipplii'il  oloct  rio  liold,  hikI  rr'i'ordin)'  Llio  shoiir  sLi'oss 
U'iUismiUod  by  the  HiiHi'oiisiun.  lixporiinoiils  won*  porltnnu’d  with  docniaKiiiif  and 
I  hoii  me  roasinn  sIkmi-  raloH,  in  nlitain  plots  of  shear  slross  as  a  lunotion  of  shear  rale. 
Values  for  the  dyiiainie  yield  sire;'-,  t„.  were  deleriniiied  by  extra])olatint>  the  shear 
stress-shear  rale  data  to  zort)  shear  rate,  as  illustrated  in  Fig.  '>. 


5  Results  and  Discussion 

Dried  Pnrl.ide»: 

^  iehl  sirens  ilata  for  diied  alninina  suspensions  ('Jli  wl7  '  without  surfaelant  are 
ploLli'd  as  fiiiul.ioi'  of  the  held  slreiigth  squareil  in  Fig.  8.  'I'hls  fignri'  illiislrates 
lhal  till,  rr'spoiise  is  proportional  to  the  lield  slri'iigtli  srpiared. 

rile  ilepeiuleiu  e  of  tin'  yield  stress  on  Hrij  8(1  (■onrenlratirni  is  presented  in  F  igs.  '1, 
■b  and  (i  for  aeidie,  iientral  and  basie  alumina  suspensions,  respectively,  h'or  each  alu¬ 
mina  susiieiision.  the  yield  stre.ss  initially  increases  with  surfactant  concentration  and 
iheii  passes  through  a  ii'axiimim;  the  maxiniuin  oci'nrs  at  a  siirfai  taut  concentration 
of  appro.simatelv  2-8  wt%.  'The  inaxinia  at  eh'elric  lield  strengths  of  .bUt)  V/nini  are 
shifted  to  larger  .smiactani  concentrations  than  ohserved  for  Ira'ger  held  strengths 
for  both  neutral  and  basic  alninina  sn.'.peiisioina  For  these  Biij  81)  ai  tivateil  .snspen 
sion.i,  the  maximum  i-nhaiicenieiit  in  the  yield  stre.ss  varies  from  approximately  801) 
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!  ill  'Irjii’nili  III  I  lit  iIk-  \  ii'IiI  sitoss  on  (JMO  i ouk  lafiiiion  is  (ir<'s«Miti’<i  in  l  ins. 

'  .iii<l  'I  l<ii  till-  iliii’t  l\|ii's  oi  aliiiiutui  siisjx’iisioiis.  1  )»<•  lnlliivii;'  is  similar  to 
■hai  I ilisi’i \ 111  liii  till’  suspi’iisuHis  loiuaitiiim  Hiij  ill),  with  niaxiimmi  I’lihaiu’ciiu’iils 
III  I  111’  laiiiii'  III  J'lll  HllK)"t ,  lii’ia'iiiliiin  oil  ;lii’  |)iirli<  l<’  lypi'.  Maxilir.iin  yu'lii  slrcssi's 
all  i.ti’-i’i  ii’il  liii  (i\l<)  I  oin  I’lit  rat  ions  of  aj)prnxiiiiat<*ly  lit  vvl%  for  boih  acidu'  mul 
ni’iiii.il  .ilniMiii.i  .iis|ii’iisions.  ainl  al  a|i|iroximal,<||y  7  wt%  for  brvsic  diuiiiilia.  Tlu' 
niasniia  'hiH  In  laix'  '  *  IMO  i  nii'  onl raUon.i  lui  Uu‘  a|)|)li<‘tl  pleclriv  ludd  dorrcasos. 

1  In-  .iciii'n'ii’iii  I- 1  if  I  In-  yiold  stioss  on  (.1  TO  com  culralioii  is  prcseiilnd  in  I'  igs.  10, 

II  and  Uliii  1  In’  1  liii'f  lypi’s  of  alniiiiiia  suspciisions.  Tile  yield  stress  enhancement, 
I'  mil  as  sinmli.  am  lor  lliesc  snspiMisions,  and  in  fact  a  reduction  in  yield  stress  is 
..Iti'ii  iilisi-rsi’d,  bill  yield  stress  maxiiiia  do  exist  for  the  acidic  and  neutral  alumina 
'impensions 

!  or  e\j,.  rmii'iiis  piTforined  at  surfactant  concentrations  above  that  '~rresponding 

III  1  lie  iiiaxuii'im  yield  stress,  the  samples  drew  a  considerable  amount  of  current,  pos- 
-iliH  iiidii  atmti  an  iin  rea.se  m  the  number  of  mobile  charge  carriers  or  their  mobility, 
in  ihe-e  situaiions.  the  held  strength  dependence  of  the  yield  stress  was  found  to 

■  lesiale  from  the  -uuaied  dependence  observed  at  smaller  surfactant  concentrations, 
'siiiii  the  siirlaiiant  luiMentraUon  corresponding  to  the  maximum  yield  stress  was 
loiuni  to  be  liei.l  ile|ieiideni .  ii  follows  that  tile  Sample  coiiductancc  is  likely  to  depend 

■  III  lioib  the  elei  irii  tiehl  sireiiglli  and  the  surfactant  type  and  concentration. 
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GMO  concentration  (vvt%) 

I’igwo  8:  Vii'ld  st,rt?ss  as  a  fuiiciion  of  CjMO  concentration  for  20  wl%  dried  neutral  alumina  sus- 
{Xfiisicns  in  silicone  oi! 
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(IMO  (  (uicciit  Tilt  ion  (w)  ”  ) 

I-  iHiiri'  'I  N  H'l'l  ri'ss  .'(.-i  I  iiii'i  mil '  il ' ;  M( )  rinirrnl  nil II 111  for  '..'1)  'i  ril  ilrii'il  Ii.im.  :l|lllllln:l>ll^|M  ii-m  .hi, 

III  Mill  oil'  "l! 


(ilO  ill  Mill  riri'ii  ivc  ill  ('iiliiiiicili);  llir  I'.H  I  i'S|)i»iimi,  M'liilc  Imt  li  Hrij  ill)  iiiiil  (INK) 
,111’.  I’lisiilili' I'xiiliiiiiil  ions  lor  I  liis  olisiM'Viil  ion  iiniy  reside  in  tin- fact  I  lial  liolli  Ui  iiHD 
itiir)  (INK)  coiiiiiiii  hydroxyl  fiiiici ioinil  groups,  wliernius  (110  does  noi  As  a  resiili, 
Hri)  dll  and  (iMO  slioiild  iidsoili  more  si  rongly  lo  llie  liydropliilit  aliiinina  oirlace. 
as  well  as  lie  more  elfei  live  al  solvaliiig  W'iiU'l  iiiid  ions  than  (1  1(1.  I'lie  sigiiiliciuice 
of  adsorplioii  is  also  suggested  ly  the  (iiiisisteni  trend  of  l)a.sic  idiiniiiia  suspensions 
showing  not  only  small  yield  stresses,  lull  smaller  eiiliaiiceinents  in  the  presi'iice  of 
snrfact ani s,  I'reliniinary  experimeiil s  on  iilaiimm  dioxide  (anal.i.se)  suspensions  also 
show  that  (I  lO  is  ineifedive  at  enhancing  the  Klf  response,  while  (IMO  provides 
an  I'niiiiiiccnienl  of  a|)pi'oximalely  7ll0'/{  at  a  concent  rat  iuii  ol  1  wl''!,  Ihe  piei  isc 
reason  for  I  lie  diHerences  among  the  responses  lor  dilferee.l  snrfacliuils  is  unclear  .it 
I  his  I  ime, 

NoTulrtcd  Part t <: I e.s ; 

riie  ih-pendence  of  the  yield  stri’ss  on  Bri|  ill)  eoncentr.it ion  is  presenleil  in  1' ig.s  hi 
and  11  for  noiidried  acidic  and  neutral  alumina  siispeii.sions.  respec! ively.  .'Ngaiii,  the 
yield  stress  [lasses  through  a  maximum  willi  increasing  surfactant  coiicenlration;  thi' 
maximaoci  iir  ;i.  a  Hrij  dO  concentration  of  approximately  d  wt%  for  both  the  uoiidried 
acidic  and  tie-.lral  alumina  snspeiisioiis.  Not<-  tliat  the  yield  stress  magnitudes  of  the 
noiulried  siispiuisioiis  are  often  greater  than  those  obtained  for  dried  suspensions  al 
I'lpiivalenl  Hrij  dli  i  oncenl rations  (compare  l-'ig.  Id  and  H  with  Figs.  1  and  d).  For  the 
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(iTO  r()n(‘(*ril  rat  ion  (wt*') 


|-  ijCUn*  ID  sln'ss  »l*.  ;i  fuu'  i lou  <)('  ( J'r( )  '■n(HTnlrntj.>n  f‘>r  'J(l  wiV,  .vmJi'’  aluiniii>i  siiHp**n- 

Ml  h‘lu'nni-  »)|l 


!l  ^  icUi  str«w  a.s  ii  fuiii  Lion  o(  G  ro  runr«iUralioii  f-'t  20  wi%  neulrjkl  {iiuniina 

suspctiBionii  Ml  sitirone  uil 


O  E  =  0.5  kV/mni 
•  E  =  1.0  kV/min 
V  E  “  1.5  kV/mni 
▼  E  =  2.0  kV/mni 


(i  l'C)  ('()n<M'ul  rat  ion  (  wi  ) 

I'aii.  rj  'l  l''!*!  .1  r''ss  \.s  n  'if  ( i  l  O  fnr  '^0  wt*’-f  drio)  iKuaf  •viiiiiiina  saspi'ii 

III  .ih'iiii''  III! 


in.iiii'ii"l  III-  '  I  .il  'ois|i<'ii.i(/ii'..  I  111 're  .ipiKMis  I  o  III-  a  I  hn-sliol'l  siirriii  t  aiu  i-om  cut  I'iitioii 
for  \  iclil  ICS',  t'liliiiiu'ciiiciil . 

lih'  ili'pc'.i'lcii'i'  III  I  Ik  vii'lil  si  less  oil  ( INK)  I  oiiccnl  rat  ion  is  |>rcscu;ci|  In  !•  ij;s  lo 
.iikI  III.  lor  iioinlni'd  .uiilii  ,iinl  neutral  iililinina  suspensions,  resjieet  ively.  ami  I  lie 
■  lepeinlem  e  i  if  I  lie  \  ielil  st  l  ess  on  (1  TO  i  om  enl  rat  ion  is  pn’seiiteil  in  I'  i^s-  17  .'.mi  IH 
\lllionuli  niaxiiiia  in  ilie  \ie|i|  stress  I'or  tlMO  ami  ti  1  ()  aelivaleil  aeiilir  aliiiiiilia 
suspensions  are  nol  nliserveil  loi  I  In'  com  ent  r.ii  nai  rallies  presented  in  I'i^s  I  .'')  ami 
ir.  inaMiiia  nia\  i'msI  at  l.in'i'r  snrfailant  e-tm  enl  rat  ions  Siieli  expruiliienls  were 
III  t  enipt  ei|.  Iml  I  lie  sain|iie  I  omlni  t  am  es  were  loo  laine  loi  l.lie  (lovver  supply  i  o  deli  ver 
i|ii-  desiieil  vi.ltiiijes  l'ii!.s  | .^)  |7  also  illi.slr.ite  .in  .i|)paient  thre.sliold  eom  eelrat  .on 
loi  sill  l.n  I  .lilt  .11  t  i\at  lull .  ami  ai^tiin,  the  yield  stress  values  are  eollsideraldv  lancer 
III. Ill  I  hose  ohserved  lor  the  eorrespondlliU,  dried  suspensions. 

( 'oliipanni  I'i^s.  IT  and  IS  with  h  iKs.  U)  and  II.  it  is  .ipparenl  that  (lit)  ean 
.nliv.ile  the  I'.h  ies[)oiise  provided  tliereisa  siilili  leiU  aiiioiinl  of  vv.  .Tin  I  he  siispen 
Sion,  .ilid  that  the  exleiil  of  ailivatioii  depends  on  tile  (il'O  i  oi  iitralluii.  Heme, 
llii'ie  appears  to  he  suiiie  Iviie  of  i  i.i.'perat  ive  pheiioiiienoii  oeenrriiiK  lielweeil  the 
walei  and  the  (TIO  siieh  that  only  loKclIier  i  .in  they  aetiviHe  llie  rrysponse.  Snell 
.1  phenoiiieiion  may  involve  solv.aioii  of  water  hy  (I  lO  inolei  ules,  hul  elearly  mure 
work  needs  to  he  done  hefore  aiiv  delinilive  statements  -an  In-  made. 


Unj  cnn.ciilialion  ml") 

Imurf  \\'h\  strr>s  u.'s  II  (uhilititi  mT  (Uij  HO  t‘ii(ration  Inr  ?0  wt'*  .icniH  .iluiniuii 

siiM|><'nsic>iis  III  sili<  nni’  ’i\\ 


Unj  toiu'iMili  atiou  (wl”) 

I  I  'itn-ss  ;i.s  a  fuit*  Lmu  «»|  )iri|  HO  <'onrf>nUHtii>ii  f<ir  *0  wt‘^  aolifiruHi  .ilarn»i:»i 

•'iisp*Misii  •li'^  III  mIii’ium' nil 
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FiTApunu-.y  Df’.ptitidc.ncc: 

rii<’  ii('|«Mi(i(’iK'i.'  ()l  yiclil  stii'ss  on  llio  appluvl  clcrUic  field  frctiucrn  v  is  |)fcsc-iilc<l  in 
I’iH'  1!)  ami  70  for  20  wl'X.  dried  iieiilral  alumina  susix-nsions,  with  0  and  d 
lirij  do.  respeci  ively.  1  he  I  wo  suspensions  show  similar  trends;  l.lier<‘  appears  lo  he 
a  maximum  yii'ld  stress  ;il  a  small  fre(|uenev,  and  the  yield  stress  decreases  as  t  he 
frerpteitcy  is  increased.  The  suspension  cotitainitig  d  wr%  surractanl  shows  a  di-ci<-ase 
ol  more  t  hati  one  order  of  niagtlit  inle  as  the  frequency  is  varied  from  'lO  lo  10*  II/,.  The 
surfat  lani -frei  suspension,  on  the  other  hand,  decreases  hv  a  fai  lorof  appro.ximal elv 
h.  We  note  also  that  ihe  freipiencv  at  which  the  yield  stress  is  a  ma.xmium  is  larger 
lor  the  snrfactaiil-act  ivaled  siis[iension,  and  that,  l-hi.s  "cril.ictd'  fre<|iiencv  varii-s  with 
the  eh-ctric  lii'ld  strength. 

It  is  conmion  for  the  fri'quenev  ilepeiidetici'  of  t  he  KR  response  to  ('enerally  mirror 
I  he  fretiueiicy  depein'ein  e  of  t  he  siis|)ension  dielectric  constant;  hence  we  expect  that 
these  siis|)ension  will  disphiv  a  low  freqn.'ucy  dispersion  that  is  indicative  of  ionic 
conduct  ion  dominating  til  low  frequencies  (8|.  It  is  possiiih’  that  I  he  role  of  surfactants, 
ill  coinhinat ion  with  any  water  that  may  he  prt'.sruit,  is  to  incriuise  the  numher  ainl/or 
the  mohilily  of  charge  carriers,  'I'his  stiiteiiu'iil  is  speculative  at  this  poitil.  hut 
provides  direction  for  future  work. 


6  Conclusion 

I'l'oiii  the  coiidilion.s  investigated,  we  lind  that  surfactiiilts  l{•lld  lo  a<!ivate  the  Ivi-; 
response;  this  :ieliv;it ion  is  olieii  quite  signiiicant,  with  few  exam|iles  of  it  decreiua'd 
response  of  such  an  exlciit,  1  Mansi  ble  mecliaiiisiiis  for  the  enhancement  may  he  relat  t'd 
to  tile  iiicreitse  in  tin-  iimiilier  or  mohilily  of  charge  carriers,  which  can  he  iniliienced  by 
the  smfaclaiil  and  water  eoncentiations.  as  well  tis  the  nature  of  the  particle,  luilmt' 
work  will  contiiiiie  to  prolie  the  meehaiiism.:  responsihle  for  surfarltmt  activation  of 
h'.lf  suspensions. 
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ABSTRACT 

Electrorheological  behaviors  of  polyaniline/silicone  oil  suspension  was 
observed  by  using  a  modified  Couette  type  rheometer  with  high  resolution 
for  shear  stress  The  yield  behaviors  were  examined  over  a  wide  range  of 
shear  strain.  The  storage  modulus  and  loss  tangent  were  determined 
under  a  constant  DC  electric  field.  It  was  clarified  that  the  polyaniiine-based 
ER  fluid  yields  at  two  different  strain  amplitudes,  i  e.,  about  1%  and  50% 
The  stress-strain  curves  obtained  from  shear  flow  experiments  also 
suggested  the  existence  of  two-steps  yield  process.  The  yield  process 
was  found  to  be  dependent  on  the  electric  field  strength  and  the  particle 
concentration  in  different  manners  The  yield  behavio'  observed  is  discussed 
in  relation  to  the  structure  of  particle  clusters  which  causes  the  ER  effect 


To  whom  correspondence  should  be  addressed. 
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1 .  Introduction 

The  mechanism  ot  eleclrorheologicai  (ER)  effect  has  been  studied  by  many 
researchers  In  particular,  suspension  systems  in  which  dielectric  particles  are 
dispersed  in  an  insulating  solvent  have  been  investigated  m  detail  because  of  the 
drastic  change  in  the  rheological  properties  arising  from  an  external  electric  field'  It 
was  clarified  from  direct  observations  that  suspended  particles  in  ER  fluid  form 
clusters  under  an  electric  field'  Theoretical  models  have  provided  useful  information 
for  the  understanding  of  the  ER  effect  Marshall  et  al  succeeded  in  correlating  the 
viscosity,  field  strength,  and  shear  rate  with  the  Bingham  constitutive  equation^  The 
results  indicate  that  the  yield  process  of  the  fluid  is  important  to  clarify  the  mechanism 
of  the  ER  effect. 

The  yield  stress  under  shear  strain  for  ER  suspension  systems  were  reported 
elsewhereT  However,  measurements  with  conventional  rheometers  do  not  give 
sufficiently  reliable  data  because  such  rheometers  generally  have  poor  resolution  for 
the  application  of  shear  distortion  and  detection  of  the  stress  ER  fluids  exhibit 
remarkable  change  in  the  apparent  viscosity  under  external  field,  and  thus,  high 
resolution  is  required  for  the  rheometers  in  order  to  obtain  precise  data  It  is  desirable 
to  analyze  the  behavior  upon  cluster  yield  in  further  detail  for  the  elucidation  of  the 
mechanism  of  ER  effect  in  the  present  paper,  we  report  the  measurements  of  the 
dynamic  viscoelastic  properties  and  shear  flow  experiments  of  ER  suspensions  by 
use  of  a  viscometer  which  has  high  resolution  for  shear  distortion. 


2.  Materials 

Polyaniline  particles  with  the  average  diameter  of  0.4  pm  to  7  pm  were  dried 
under  vacuum  prior  to  use.  A  30cSt  silicone  oil  was  used  as  a  solvent,  which  was 
purified  carefully  as  reported  previously®.  The  particles  were  dispersed  in  the  solvent 
and  the  resulting  mixture  was  sonicated  for  homogenous  dispersion,  and  then  used 
as  the  sample  fluids  The  particle  fraction  was  changed  from  2  to  10  wt%  in  the 
dispersion  solution. 


3.  Apparatus 

It  is  important  to  use  a  high-resolution  rheometer  tor  detailed  examination  of 
the  response  of  ER  fluids.  We  examined  the  difference  between  data  obtained  with  a 
normal  rheometer  (Rheology  Co,  Ltd.,  MR300).  which  employs  wire-type  torque 
sensor,  and  a  modified  Couette  type  rheometer.  Rheology  Co.  Ltd  ,  MR300-V2.  The 
modified  rheometer  is  constructed  with  two  concentric  cylinders  and  a  torque  sensor 
which  employs  a  torque  meter  instead  of  a  torsion  wire.  The  outer  cylinder  is  the 
driving  part  of  the  shear  deformation  and  the  inner  cylinder  is  the  detecting  part  of 
the  stress.  The  diameter  of  the  outer  and  inner  cylinders  are  3b  mm  and  33  mm, 
respectively.  The  height  of  the  inner  cylinder  is  14  mm.  The  shear  stress  is  detected 
as  the  distortion  of  the  center  shaft  of  the  cylinders.  Torque  is  evaluated  from  input 
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voltage  V,„  and  output  voltage  V„„i 
equation 

V, 

wheie  T.  d.  and  G  are  the  torque,  diameter  cl  the  shall,  and  distoilion  elasticity  of 
the  shaft,  respectively  The  two  cylinders  are  used  as  electrodes  lor  the  measurements 
under  an  electric  lield  The  cylinder  electrodes  were  completely  insulated  from  the 
main  body  of  the  apparatus 

The  strain  and  stress  were  estimated  with  the  lollowing  equations  in  which 
the  applied  strain  is  precisely  evaluated  by  subtracting  the  rotation  angle  of  inner 
cylinder  from  that  of  outer  cylinder. 


of  crossed  gages  according  to  the  tollowmg 


X  V,..  K  I 

ml '  ( i 


(11 


2  It-  (I 

V-  (1=11 


(2) 


<1 


(3) 


where  Y  is  the  shear  strain,  (l^  and  (i„  are  the  rotation  angle  of  the  outer  and  inner 
cylinder,  and  are  radius  of  outer  cylinder  and  ol  inner  cylinder,  u.  T.  and  L  are 
the  shear  stress,  torque,  and  the  length  of  the  immersed  fluid  respectively 

Figs  1  and  2  show  the  apparent  strain,  applied  strain,  and  stress  response 
measured  with  the  rheometers  fylR30C  for  an  ER  fluid  with  cation  exchange  resin  at 
small  and  large  strain  regions,  respectively  At  the  small  strain  region  shown  in  Fig 
1,  the  actual  applied  strain  (b)  was  quite  smaller  than  apparent  strain  (a),  although 
the  stress  response  (c)  was  sufficiently  detected.  At  larger  strain  region,  applied 
strain  was  closer  to  that  of  apparent  strain  On  the  other  hand,  the  modified  rheometer 
MR300-V2  gave  more  improved  resolution  for  both  the  applied  strain  and  stress 
detection  Figs  3  and  4  show  the  applied  strain  and  stress  response  under  the 
conditions  corresponding  to  Figs  1  and  2.  respectively  The  sample  fluid  for  these 
measurements  was  polyaniline/silicone  oil  dispersion  It  is  obvious  from  Fig  3  and  4 
that  the  strain  application  and  stress  detection  over  a  wide  range  of  strain  amplitude 
were  achieved  with  much  higher  resolution  than  those  in  Fig.  l  and  2 

These  results  indicate  that  the  rigidity  and  sensitivity  of  the  stress  sensors 
used  in  rheometers  are  quite  important  for  the  measurements  under  a  variety  of 
conditions.  Most  appropriate  apparatus  should  be  used  in  order  to  obtain  precise 
data  according  to  the  sample  conditions  For  the  dynamic  measurements  of  ER 
fluids,  torque  sensor  of  rheometer  should  have  sufficiently  high  modulus  of  elasticity 
in  torsion  and  enough  resolution.  Using  the  present  torque  sensor  equipment,  we 
have  succeeded  in  measuring  the  modulus  and  loss  tangent  values  with  high  precision 
even  under  extremely  small  shear  distortion.  All  measurements  in  the  following 
sections  were  carried  out  by  use  of  the  modified  rheometer 
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Fig.  1  Strain  stimulus  and  stress 
response  of  cation  exchange  resin 
dispersion  under  small  strain  measured 
with  the  normal  rheometer  MR-300. 

(a)  apparent  strain,  (b)  applied  strain, 
(c)  stress  response,  E=  2kV/mm. 


Fig.  2  Strain  stimulus  and  stress 
response  of  cation  exchange  resin 
dispersion  under  large  stra'n  measured 
with  the  normal  rheometer  MR-300. 

(a)  apparent  strain,  (b)  applied  strain, 
(c)  stress  response,  E=  2kV/mm. 


STRAIN  apparent  STRAIN 
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Fig.  3  Strain  stimulus  and  stress 
response  of  polyaniline  dispersion  undei 
small  strain  measured  with  the  modified 
rheometer  MR-300V2.  (a)  apparent 
strain,  (b)  app'ied  strain,  (c)  stress 
response,  £=■  2kV/itim. 


Fig  A  Strain  stimulus  and  stress 
response  of  polyaniline  dispc^sion  under 
large  stiain  measured  with  the  modified 
rheometer  MR-300V2.  (a)  apparent 
strain,  (b)  applied  strain,  (c)  stress 
response,  E=  2kV/mm. 
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4.  Dynamic  Viscoelasticity 

Stress  response  o1  the  polyaniline  dispersed  m  silicone  oil  was  measured 
under  a  sinusoidal  strain  and  a  constant  DC  voltage  The  storage  modulus  G'  of  the 
ER  fluids  was  estimated  with  the  following  equation 

»  m 

where  ly'l,  ln'l.  and  h  are  amplitude  of  the  strain,  amplitude  of  the  stress  response, 
and  phase  difference  between  stress  and  strain,  respectively  The  measurements 
were  carried  out  under  the  strain  frequency  of  1Hz  at  room  temperature  The  results 
measured  under  2kV/mm  field  are  shown  In  Fig.  5 

As  seen  in  Fig  5  the  measurement  with  the  modified  rheometer  gave  the 
following  features  for  the  behavior  of  the  ER  fluid  (i)  Both  log  G'  and  tan  6  are 
almost  constant  at  the  amplitude  range  below  0  03  In  this  region,  the  mechanical 
properties  of  the  fluid  is  regarded  as  pseudo-elastic  one  (ii)  At  the  strain  amplitude 
region  between  0  03  and  0  4,  the  log  G'  decreases  and  tan  d  increases  with  the 
increase  in  the  strain,  although  the  changes  of  both  values  are  not  so  drastic  (m)  At 
the  amplitude  region  above  0  4.  drastic  clianges  in  the  log  G'  and  tan  d  are  observed, 
the  former  decreases  and  the  latter  increases  abruptly  with  the  increase  in  the  strain 
This  phenomenon  indicates  the  existence  of  two  different  yield  processes  under  a 
constant  DC  voltage  Such  a  behavior  would  correlate  with  the  change  of  the  cluster 
structure 


F  ig.  5  Storage  modulus  and  loss  tangent  for  polyaniline  dispersion. 
E=2kV/mm,  C=  10wt7o. 


LOG  tan5  “  LOG  G’  (Pa) 


LOG  STRAIN 


LOG  tan5  LOG  G’  (Pa) 
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Figs.  6  and  7  show  the  effects  of  field  strength  and  particle  concentration, 
respectively,  on  the  yield  strain  for  the  polyaniline  dispersion  The  yield  strain  values 
determined  from  the  plots  are  listed  in  Tables  I  and  II.  respectively  It  was  found  that 
the  yield  strain  under  small  deformation  (amplitude  0  01)  increases  wth  the  increase 
in  the  strength  of  applied  electric  field,  while  the  yield  strain  at  amplitude  around  0  4 
IS  not  so  much  affected  by  the  field  strength.  It  was  also  found  that  the  two-step  yield 
behavior  is  not  observed  for  the  samples  with  low  particle  concentration  The  result 
of  concentration  dependence  indicates  a  structural  change  of  rhe  cluster  bridging  the 
electrodes 


6.  Shear  Flow  Experiments 

In  order  to  gam  further  insight  into  the  detailed  dependency  of  the  yield 
behavior  on  the  amplitude  of  the  deformation,  shear  flow  experiments  for  the  polyaniline 
dispersion  fluid  were  carried  out  under  constant  electric  fields  Shear  deformation 
was  applied  as  triangular  wave  under  a  given  constant  electric  field  The  shear  strain 
and  stre.ss  were  estimated  with  eqs  (2)  and  (3) 

Fig  8  exemplifies  the  shear  stress-strain  curve  for  the  polyaniline-based  ER 
fluid  obtained  at  a  constant  electric  field  of  2kV/mm  under  the  strain  amplitude  of  1  5. 
Drastic  increase  in  the  stress  was  observed  immediately  after  the  shear  strain  was 
applied  The  stress  increased  gradually  and  reached  a  saturation  value  The  yield 
stress  and  yield  strain  were  estimated  from  the  values  of  intersection  of  the  stiaight 
lines  drawn  in  Fig  8  The  yield  stress  values  obtained  from  Fig  8  were  0  02  (yield  1) 
and  0  62  (yield  2)  The  yield  strain  values  corresponding  to  the  above  stress  were  80 
Pa  tor  yield  l  and  160  Pa  for  yield  2,  respectively 

Fig  9  shows  the  dependence  of  the  stress-strain  curves  on  the  electric  field 
strength  The  voltages  applied  were  1,  2,  and  3  kV/mm  The  yield  behaviors  were 
similar,  as  a  whole,  at  all  field  conditions  examined  The  yield  strain  v;as  found  to 
increase  with  the  increase  in  the  field  strength  Table  III  lists  the  yield  stiain  and  yield 
stress  evaluated  from  the  curves  It  was  found  that  the  yield  strain  under  small 
deformation  (amplitude  0  02)  increases  with  the  increase  m  the  field  strength  while 
the  strain  around  0  6  does  not  depend  on  the  field  strength  It  was  also  found  that 
the  yield  stress  increases  in  proportion  to  the  square  of  the  field  strength 

Fig  10  shows  the  concentration  dependence  of  the  stress-stiain  cuives  The 
concentrations  examined  were  2,  5  and  10  wf-o  The  curves  indicated  the  two-step 
yield  behavior  and  the  yield  stress  values  were  found  to  depend  significantly  on  the 
concentration  Table  IV  lists  the  yield  strain  and  yield  stress  values  II  is  clear  that 
the  yield  strain  under  small  shear  stress  is  not  so  much  affected  by  the  concentration 
of  the  particles,  while  the  second  yield  strain  increases  wilh  the  increase  in  the 
concentration 


T 
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Table  I  Effect  of  field  strength  on  yield  strain,  C=10wt% 


Field  strength 


(kV/mm) 

V‘yi 

Y’yy 

1 

0  01 

05 

2 

0.03 

04 

3 

004 

04 

T able  II  Effect  of  particle  concanti'a'.ion  on  yield  strain.  E=2k\//mm 


Concentration 

v\,, 

2  -  03 

5  0  007  0  3 

10  0.03  0.4 


T able  Ml  Effect  ot  tield  strength  on  yield  strain  and  yield  stress. 
C=10wt%. 


Field  strength 

(kV/mm) 

yield  1 

yield  2 

Y'y.l 

"'yi 

Vy.1- 

u‘y. 

1 

0.01 

30 

063 

50 

2 

0.02 

80 

0  62 

160 

3 

0.04 

140 

064 

280 

Table  IV  Effect  of  particle  concentration  on  yield  strain  and  yield 

stress,  E 

:=2kV/mm 

Concentration 

yield  1 

yield  2 

(wt%) 

V'y.i 

‘’“y. 

Y'y.y 

2 

0.005 

3 

0.26 

10 

5 

0  015 

10 

0  45 

50 

10 

002 

80 

0  59 

160 

I 


STRESS  (Pa)  §  STRESS  (Pa) 


110 


)ar  stress-strain  curve  for  polyanilina  based  ER  fluid.  E=2kV/niiTi,  C=10wl%. 


Fig.  9  Shear  stress-strain  curve  for  polyaniiine  based  EH  fluid  at  various  field  strength 
C=10wt%. 


Ill 


Rg,  10  Shoar  aUess-strain  curve  lor  polyaniline  based  ER  fluid  at 
various  particle  concenlrations.  E=2kV/mrn 


6.  Discussion 

Yield  behaviors  of  £R  suspensions  indicate  dynamical  structure  change  of 
particle  clusters.  The  yield  behaviors  of  various  ER  suspensions  were  reported  in 
literature',  based  on  both  experimental  and  theoretical  studies,  and  the  yield  strain 
values  were  generally  believed  to  be  about  50%  In  our  present  experiments,  smaller 
yield  strain  at  ca.1%  was  obtained  in  addition  to  the  larger  value  of  ca.50%  which 
was  in  agreement  with  reported  values  The  existence  of  two  different  yield  points 
suggests  the  following  yield  process  upon  the  applica'  on  of  the  shear  strain  to  the 
suspension  The  cluster  partly  deforms  at  the  strain  of  ua.1%,  at  which  the  first  yield 
behavior  is  observed,  and  the  resulting  structure  stands  up  to  the  strain  of  50% 
When  large  strain  above  50%  is  applied,  the  cluster  completely  breaks  down  and 
then  the  suspension  begins  to  flow 

We  previously  reported “  that  three  rheological  regions  were  found  by  measuring 
dynamic  viscoelastic  properties  of  cation  exchange  resin  dispersed  in  silicone  oil, 
with  various  strain  amplitudes.  The  existence  of  three  regions  were  observed  with  a 
normal  rheometer.  However,  it  is  clear  trom  the  comparison  of  the  normal  and 
modified  rheometers  that  the  modified  rheometer  used  in  the  present  study  has 
much  higher  resolution  for  shear  stress-strain  measurements,  and  thus,  the  present 
results  should  be  more  reliable 
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Recent  studies  with  direct  observation  of  clusters  have  demonstrated  three- 
dimensionally  aggregated  structure.  For  example,  Klingenberg  and  Zukoski  observed 
silica  particles  dispersed  in  corn  oil,  and  clarified  the  dynamic  change  of  cluster 
structures  under  shear  strain®.  The  two-step  yield  phenomenon  observed  here  would 
be  related  to  such  a  complicatea  three-dimensional  structure  of  the  particles. 


7.  Conclusion 

The  yield  stress  for  polyaniline-based  ER  suspension  was  precisely  estimated 
with  a  modified  Couette  type  rheometer.  The  measurements  provided  information  on 
the  detailed  dependency  of  the  yield  stress  upon  the  applied  shear  strain  with  the 
amplitude  resolution  of  0.1%.  Two-step  yield  behavior  was  observed  at  the  strain 
amplitude  of  ca.l%  and  ca.50%  for  the  ER  suspensions.  The  present  results  indicate 
that  the  clusters  in  ER  suspensions  deform  much  smaller  strain  amplitude  than 
those  reported  in  literature.  As  the  yield  behavior  reflects  the  dynamic  change  in  the 
cluster  structure  induced  by  the  shear  strain,  the  clusters  are  considered  to  have  two 
drastic  structural  changes  under  shear  strain. 
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ABSl’RACT 

Electrorlieulogical  susiieiisioiis  typically  contain  particles  of  approxiiiiiitely  one 
/(III  in  diameter.  Thus  lighL-scatteriiiR  offers  a  natural  method  of  piohing  the  mi¬ 
crostructure  of  tlieae  suspensions.  We  report  the  development  of  an  index  matched 
sitigle-scaltering  fluid,  as  well  as  light-scattering  studies  of  this  fluid  in  both  a  (jui- 
csceiit  and  shcar(!d  regime.  In  the  first  case,  the  results  are  in  agreement  witli  a 
pliononienological  theory  of  coarsening  liascd  on  thermal  fluctuations.  In  the  second 
case,  l.hi'y  agree  with  an  "independent  droplet”  model  of  tiu!  su.spension  strnetuix^ 
nndor  sliear. 


1.  Introduction 

III  niiravolliiig  the  iiiicrostnictun!  of  elect, nirheological  (HR)  suspeiisioins,  light, 
sccil.t.eriug  in  potentially  a  very  tisefnl  tool.  This  is  due  to  Ihi'  happy  accident  that 
th(^  typical  .si'/e  of  tin;  .suspended  particles  in  such  a  fluid  is  coniirarahle  to  l.he 
wavtdength  of  light.’  Thus  single-scattering  of  light  from  an  ER  su.spensioii  will 
yiidd  direct  and  easily  interpiu-tahle  infomialion  about  its  .structure,  inuler  any  flow 
c.ouditions. 

Unfortunately,  most  connncrcial  and  experitueutal  ER  lluuis  have  partichrs  with 
dielectric  constants  at  optical  frequencies  signiiicantly  different  from  the  surround¬ 
ing  liquid.  Thus  the.se  fluids  are  in  a  inultii>lc-scalleriiig  re.giinc  for  light.  This 
property  has  been  used  by  Cinder  and  Elie’’  to  extract  .structural  information,  but 
the  potential  of  multiple-scattering  techniques  s  limited  by  diflicultie.s  of  iuterpre- 
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For  this  reason,  we  developed  a  model  ER  fluid  with  particles  whose  index  of 
refraction  was  closely  mat  ched  to  that  of  the  suiTounding  liquid.^  While  probably 
not  useful  for  applications,  this  fluid  is  an  excellent  laboratory  for  the  study  of  ER 
fluid  microstructure. 

So  far  we  have  addrcsscnl  two  physical  questions  with  tills  fluid.  The  first  is  the 
nature  of  the  solidification  transition  of  an  ER  suspension  when  a  field  is  applied. 
Since  the  original  observations  of  Winslow,  many  observers  have  noted  the  appear¬ 
ance  of  fibrous  structures,  often  one  particle  thick,  parallel  to  the  applied  field.'’'* 
Howc'.'cr,  recent  theories  predict  that  the  ultimate  high-fieki  state  of  an  ER  suspen¬ 
sion  will  he  a  (ihase  separated  solid,  rather  than  a  set  of  widely  dispersed  fibers  or 
Iiarticlc  chains."’"  Our  results  bridge  this  appaient  contradiction  by  showing  that, 
while  it  is  true  that  the  original  state  of  the  ER  fluid  after  the  application  of  a 
field  consists  of  thin  chains  of  particles  aligned  with  the  field,  th(!se  libers  slowly 
drift  together  in  the  direction  transverse  to  the  field,  forming  columns  of  larger  and 
lar  ger  diameter.  The  end  product  of  this  process  will  cleanly  bo  the  phasc-separaf  ed 
colloidal  solid  beloved  of  theorists.  A  phenomenological  theory  bused  upon  the  idea 
that  the  thermal  fluctuations  of  the  chains  catalyze  thi.s  “coai'sening”  process  ac¬ 
counts  well  for  the  quantitative  details  of  this  process."’ ^ 

In  a  shear  flow,  there  are  two  competing  models  of  the  microstructure.  Klingen- 
berg  and  Zukoski  accounted  for  the  Bingham  plastic  response  of  the  suspensions  by 
postulating  (and  observing)  that  boundary  layers  of  ER  ordering  formed  near  the 
electrodes,  which  were  melted  some  way  into  the  fluid  by  the  shear  flow."  Halsey, 
Martin,  and  Adolf  have  proposed  a  different  mechanism,  in  which  the  electrodes 
play  no  special  role,  but  “droplets”  of  condensed  particles  form  throughout  the 
fluid."  The  size  of  these  droplets  is  then  fixed  by  a  balance  between  electrical  and 
hydrodynarnical  forces.  We  have  s>,udied  the  microstructure  in  the  interior  of  a 
sheared  ER  fluid,  and  have  found  evidence  for  the  existence  of  such  drojrlcts,  and 
of  such  a  balance.  Of  course,  this  does  not  exclude  the  pfwsibility  that  Klingenberg- 
Zukoski  boundaiy  layers  may  form  closer  to  the  electrodes. 

In  this  chapter  we  will  fir.st  report  details  of  the  synthesis  of  our  model  fluid. 
We  will  then  report  our  experimental  results  in  the  two  areas  mentioned  above,  and 
briefly  compare  them  with  theory. 

2.  Sample  Preparation 

The  colloids  in  our  model  fluid  are  synthesized  by  the  base-catalyzed  nucle- 
ation  and  growth  of  monodisperse  silica  spheres  from  tetraethoxysilicon.  To  reduce 
the  Keesom  interactions  that  lead  to  aggregation,  tliis  syntliesis  was  conducted  iir 
ni'xed  organic  solvents  that  index-match  the  growing  .spheres.  Scanning  electron 
microscopy  and  elastic  and  quasielastic  ligiit  scattering  nreasm’ements  indicate  that 
0.7  pm  diarireter  silica  sirheres  are  easily  formed  at  high  silica  concentrations  under 
mild  hydrolysis  with  0.5M  NH4OH.  The  elastic  light  scattering  data  are  consis¬ 
tent  with  a  Gaussian  spliere  radius  distribution  having  (Tr^/r^i  of  10.5%.  The 
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hyilrophilic  silicia  sj^heres  were  then  coiitcd  with  the  organopiiilic  silane  couplinp; 
agent  3-’trimethoxysilyr  propyl  uicthacrylatci  via  a  condensation  reaction.*''  Attc'r 
a  2‘1-hour  vacuum  distillation  of  water  and  aninionia,  tlie  spheres  were  centrifuged 
at  low  acceleration,  the  supernatant  decanted,  and  the  soft  colloidal  solid  wins  redis¬ 
persed  in  4-nicthylcyclohexanol,  again  cho,sen  to  closely  index  match  the  spheres. 
Tlie  two  samples  used  in  this  study  measure  20  wt  %  and  24  wt  %  by  thermal 
gravimetric  analysis,  althougli  tiie  liigh  concentration  sample  was  diluted  to  11  wt 
%  for  tlie  kinetics  studies.  Tlie  refractive  index  increment  of  dnfdc  =  0.0017  ml/g 
is  small  enough  t,o  insure  single  scattering  from  concerit.rat.cd  disiiersioiis;  indeed, 
depolarization  of  the  scattered  light  was  negligible. 

To  measure  the  surface  charge  of  the  colloids,  electrophoresis  measureuieiits 
were  made  witli  a  Pen  Keiii  Laser  Zec^**'^  appiu'atus.  Sitice  we  were  unable  to 
ob.scrvc  any  electrophoresis  witli  this  apparatus  wc  simply  applied  a  1  kV/nmi  elec¬ 
tric  field  to  the  particles  and  ob.servcd  their  behavior  through  a  Nikon  Microjiliot- 
FXA^  0])tical  microscope.  Even  at  tliese  high  electric  fields  we  were  uiuible  to 
observe  electrophoresis  of  these  particles,  although  at  high  applied  freciiiciicios  field- 
induced  particle  chaining  was  observed  and  was  found  to  be  reversible  by  Brownian 
motion  alone. 

3.  Quiescent  Fluid  Studies 

3.1  Eximrimantal  Results 

Re.prcsentative  scattering  data  taken  after  an  electric  field  queiudi,  shown  in 
Figure  1,  clearly  indicate  an  unstal)le  concenUaliou  fluctuation  orthogonal  t.o  the 
electric  field  lines  in  the  fluid.  This  corresponds  to  the  formation  of  chains  t)f 
particles  parallel  to  the  field.  Tins  scattering  pattern  dis.sipat(is  inimediately  wlicii 
the  field  is  Uirned  oil',  indicating  that  st  ructure  formation  is  perfectly  nwersilde  in 
tills  iluid. 


E" 


Figure  1.  Tiic  srattered  intensity  from  an  eiectrorheologicaJ  fluid  shortly  after  ;he 
application  of  a  strong  electric  field.  The  lobes  appear  at  scattering  wavoveclors 
ortliogonal  to  the  electric  field,  indicating  tlie  appearance  of  cti'iins  of  particles 
parallel  to  the  electric  field. 
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The  evolution  of  ilie  suatteiiiig  intensity,  or  structure  factor,  in  the  direction 
perijendicular  to  the  field  is  shown  in  the  inset  to  Figure  2.  This  corresponds  to  a 
slice  through  the  lobe  shown  in  Figure  1.  It  is  clear  that  as  time  progresses,  the 
peak  increases  in  intensity  and  7noves  to  smaller  values  of  wave-vector  •’1“' 

direction  perpendicular  to  the  field,  d'hi.s  corresponds  to  the  slow  agglomeration 
of  (diains  into  columns.  By  dividing  the  intensity  by  the  peak  intensity  I,nai,  mid 
dividing  t  he  scattering  wave  vector  by  Llie  peak  wave  vector 

demonstrate  tliat  tlie  evolving  structures  .scale,  as  evinced  by  tlie  data  collap.se  in 
Figure  2. 


Figure  2.  The  inset  shows  intensity  slices  through  one  lobe  of  the  scattering  paltei  ri 
ill  Figure  1  for  viirioiKS  times.  As  time  iiicrciises  the  peak  intcn.sity  increases  and 
m.vcs  to  larger  longlli  scales  (smaller  q),  coi  responding  to  the  agglonioration  of 
cliains  of  particles  into  cuiumns.  Wlien  the  intensity  data  arc  plotted  on  dimen¬ 
sionless  axes  a  master  curve  results,  indicating  scaling.  On  the  high-y  side  of  the 
[)Uak  the  data  fall  oil'  as  wliicli  indicates  that  the  column  surfaces  are  shaip. 
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Tlicsc  scattering  data  have  a  liigli-(7  slioiilder  tliat  decays  as  Tliis  is  Porod’s 
law  in  two  dimensions,  and  indicates  that  tlie  structures  have  sharp,  non-fractal 
interfaces  in  the  direction  perpendicular  to  the  field.’*  This  is  coiisi-stcnt  with  the 
picture  that  tlic  agglomerating  i  hains  form  comi)act  columns.  Finally,  a  log  —  log 
plot  show.s  that  hnax  ot  suggests  that  within  experimental  error  the 

.scat  tering  intensity  I(q± ,  t)  obeys 

t)  »  Ql,max{l^r‘^hq/(’±,maxit))  fU)  «  a’  (1) 

witli  d  =  2,  corrssponding  to  tlie  cs.sentially  two-diiiieiisional  nature  of  tlic  coars¬ 
ening  process, 

It  remains  to  di.scuas  the  behavior  of  <li_  ,naxW-  order  to  rediici^  the  noi.se  in 
the  signal,  wc  used  the  moments 

(2) 

y</t 

In  [iractici',  the  lowin'  integralioii  limit  i?;  =  0.;i3  x  10  '•’iim^’  is  delermiiKnl  by  the 
si/o  of  the  beam  stop,  while  the  upper  limit  f/„i  =  0.52!)  x  10”'^nm  is  set  by  the 
eatnera  irosition.  The  wave  vector  of  jicak  intensity  eaii  now  be  obtainixi  from  the 
ratio  of  /i  to  /(). 

The  time  dependence  of  the  characteristic,  length  scale  (or  iiiter-colunm  spacing) 
R[*.)  =  27r/yj_  is  .'iliown  in  Figure  3  for  peak  to  peak  voltages  of  0.5G  kV/nuii, 

1.25  kV/rnin,  and  2.G  kV/inni,  At  the  earliest  times,  the  characteristic  length  is 
/i(0)  as  1.9/tni.  At  later  times,  R{i)  is  ob.served  to  increase  approximately  as 
In  the  spiiiodal  decomposition  of  systems  with  a  “conserved  order  parameter'’, 
such  as  binary  alloys,  there  is  typically  an  intermediate  time  regime  (“Lifshit/,- 
Slyo'/.ov  riponing”)  in  wliich  a  cliaracteristic,  length  scale  of  tlu^  structure  increases 
as  j7j^  coai'scning  is  anomalously  fast  by  comparison  with 

ordinary  spinodal  decomposition;  presumably  Ibis  is  a  reflection,  in  some  way,  of 
the  iiiiiiorlance  of  long-ranged  force.s  in  this  system. 

However,  we  cannot  account  for  this  coarsciiing  by  po.stulating  some  simple 
•ncchanism  of  dipolar  interaction  between  adjacent  eiiains  or  columns.  Any  such 
mechanism  will  involve  forces  «  iicting  on  particles  which  feel  a  viscous  drag  a 
/i(),  where  hq  is  the  dispersing  fluid  viscosity.  This  latter  assumes  (reasonably)  that 
the  hych'odyuainics  of  ]'article  motion  is  in  the  low-Reynolds  number  limit.  Thus 
we  exijcct  that  the  characteristic  lime  scale  tc  for  eleetrostatically-diivtni  coarsening 
would  be  fc  oc  Hrrwever,  it  is  clear  from  Figure  3  that  in  our  ex'periments, 

t-r  depends  much  more  w'cakly  upon  E\  our  act  ual  result  for  the  three  electric  lirdrls 
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Tigiiro  3.  'I'lii;  (li.stiuicfi  hetwiHiii  cohnims  in  ii  (imesmit  fluid  iiinreoHos  is  ll{t)  - 
/J(())(l  -I  Tlio  inset  shows  Urn  iiu  ivase  of  tin;  “rowlli  rnto  '  with  electvio 

field.  Thu  fiu:t  tlmt  fj‘  is  not  cx  !£^  iinijlius  tlmt  the  toiiiSuniiiK  is  not  diivuii  simply 
hy  dipolui-  forces. 

used  is  t,-  (X  E  Thus,  fnmi  dimwisioiial  analysis  alone,  we  eonelucle  tliat  sotne 
other  energy  scale  must  be  involved  in  determining  the  coarsening  ifiocess. 

Since  the  initial  structure  formation  parallel  to  the  electric  field  does  occur  on 
a  time  scale  oc  ho/E‘^,  as  demonstrated,  e.g.,  by  Ginder  and  Elic,^  this  implies 
that  the  structure  formation  parallel  and  perpendicular  to  the  field  are  ilriven  by 
different  mechanisms  on  different  time  scales,  the  latter  being  a  much  slower  process. 

This  two-step  iirocess  of  structure  formation  was  first  jrrcdicted  by  Halsey  and 
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Toor.'^  On  a  timu  .scale  deteniiined  by  chains  or  columns  of  particl&s,  whoso 
dianioter  at  high  fields  will  be  at.  most  a  few  particles,  will  form  pai'allel  to  the  field. 
At  high  fields,  this  initial  aggregation  phase  should  be  dominated  by  the  ballistic 
motion  of  particles  into  tiiese  chain-like  aggregates;  the  aggregates  will  remain  one- 
dimensional  due  to  their  tendency  to  aggregate  predominantly  at  their  ends.  The 
one-diniciisional  structures  obtained  arc  not  the  true  ground  .state  of  the  suspension. 
However,  the  further  relaxation  of  tliese  chiiins  by  motion  perpendicular  to  the 
field  into  columnar  structures  is  not  driven  by  the  simple  electrostatic  attraction  of 
parallel  chains,  as  this  attraction  is  quite  short-ranged. 

3.2  Thcoi'ctical  Results 

We  liavc  proposed  that  the  mechanism  fjy  which  the  chains  move  together  is 
related  to  tlie  theniial  fluctiiatitms  of  the  internal  configuration  of  a  chain. Tlie 
importance  of  thermal,  or  lirowninn  effects,  in  ER  fluids  is  generally  expressed  by 
a  dimensionless  gioup  A,  which  is  defined 


A  = 


■Keoes{0B)yj 

kn'r 


(3) 


when;  ( s  is  the  dispersing  fluid  diolectrie  constant,  0  is  the  particle  polarizability, 
kji  i.s  Boltzmann's  constant,  and  T  is  the  temperature.  Typically,  experiments  on 
ER  ofl'c.cts,  including  ours,  have  been  conducted  at  quite  high  values  of  A  ~  10'*“^. 
Thus  the  proposition  tliat  tliermal  effects  might  be  important,  in  this  regime  wliero 
polarization  energies  are  very  much  larger  than  kgT,  is  quite  counter-intuitive. 
However,  because  tlic  interactions  between  perfect,  zero-lcinperature  cliains  are 
negligible  if  they  £ire  separated  by  distances  greater  than  the  intra-cliain  distance 
between  pai  ticles,  any  long-ranged  force  ari-sing  from  tltermal  effects,  even  if  quite 
weak,  miglit  be  significant  in  tlie  long-time  beliavior  of  tliese  .suspensions. 

In  calculating  tlic  efi'eet  of  tlie  tlKuinal  fluctuations  on  tlie  positions  of  particles 
in  the  cliains,  two  possible  assumptions  are  possible  regarding  the  relevant  time 
scales.  The  time  scale  over  which  thermal  fluctuations  relax  defines  ty,  which  may 
be  larger  or  smaller  tlian  tlie  typical  transver.se  coarsening  (column  formation)  time 
tc.  U  tf  <Si  tc,  then  the  llucluations  of  parallel  chains  give  ri.se  to  an  interaction  of 
Van  dcr  Waals  form. 


(4) 


wliere  F{p)  is  tlie  free  energy  of  interaction  of  two  parallel  cliains  of  lengtli  L, 
separated  by  a  distance  p,  and  A  is  a  (large)  numerical  constant.  For  typical  ER 
fluids,  this  attractive  interaction  would  lead  to  coarsening  with  a  time  scale  fc  ~  100 
sec. 
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On  the  other  hand,  if  >  tr,  fhun  a  much  stronger  interaction  l)etwcen  chains 
re^sults,  A  simple  scaling  estimate  yields 


V  'd 


which  determines  how  the  coarsening  time  depends  both  on  the  developing  <iistance 
between  chains  (or  columns)  as  well  as  its  dependence  on  the  electric  held 

through  A.  The  coarsening  i)redicted  by  Eq.  (o)  is  in  fairly  good  agreement  with  our 
experimental  results,  as  it  predicts  that  R{t)  oc  and  £c  oc  coini^ared  to 

experimental  exponents  of  0.42  and  — O.G,  respectively.  However,  in  tin;  absc'uce  of  a 
convincing  microscoph;  derivation  of  tj,  the  fluctuation  approach  must  be  regarded 
as  only  phenomenological. 

This  approach  accH)nnls  at  least  qualitatively  for  the  (hipoiuleiici!  of  c’ohmm 
formation  on  colloid  volume  fraction  <A<;.  We  observed  that  the  initial  hmgtii  scale 
ll{[))  docreasetl  with  iucroasing  concentration,  but  the?  growth  rate  incrciised.  I’his 

is  reasonable  because  we  I'xpect  that  /?.(0)  a  (/>,.  *'  in  an  initial  array  of  i)arallel 
chains,  and  closer  chains  will  fec:l  a  greater  fluclualion-iiKluced  attraction,  and  thus 
coarsen  into  columns  more  ([uickly. 


4.  Steady  Shear  Studies 

Our  intere.st  in  shear  stems  from  some  unusual  results  we  reported  for  the  shear 
thiimiug  viscosity  of  our  model  ER  fluid. ^  In  particular,  wc  found  that  when  the 
shear  rate  7  was  increased,  the  susimnsiou  viscosity  clecreustHi  as  /x,,  oc  7“'^,  with 
A  «  2/3,  at  least  at  lov/or  api)lied  lields.  Although  qualitatively  similar  to  the  much 
nhsen  vod  “Bingham  plastic”  behavior,  tliis  Imliavior  is  quite  dilferent  in  detail  from 
that  of  a  Bingham  plastic. 

To  see  this,  consider  the  shear  stress  r^y.  In  the  Bingham  ])lastic  model,  Txy  = 
ro+/ioc7i  where  ry  is  the  yield  stress  and  Moo  is  the  infinite  sheai'  rate  viscosity.  Tlius 
the  Bingham  plastic  has  a  constant  differential  visc.osity  (iTiy/d-y  =  ^oo-  However, 
our  results  showed  a  dilferential  viscosity  dTxyjih  oc  which  went  to  zero  at 

low  slu!ar  rates. 

hi  collulioratioii  with  D.  Adolf,  wc  proposed  a  model  for  this  bc'haviur,  the 
“iiidependent  droplet”  model,  in  llcf.  9.  This  model  is  based  upon  an  aiwilysis 
of  tlic  response  of  an  individual  coiulenscil  droplet  of  dielectric  particles  to  the 
combined  effect  of  an  electric  field  and  a  hydrodynamic  How.  This  drojilct  should 
be  imagined  to  consist  of  a  lai'ge  number  of  individual  colloidal  particles,  nonden.sed 
into  some  ordered  structure. 

Suppose  that  the  vorticity  of  the  hydrodynamical  flow  is  perpendicular  to  the 
electric  field.  Then  a  droplet  of  particles  elongated  in  the  field  direction  will  feel  a 
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t()i<iuc,  which  will  tend  to  rotate  it  in  the  same  sense  as  the  hydrodynamic  vortlcity. 
However,  once  the  long  axis  of  such  a  droplet  is  rotated  away  from  the  el(!c.l.ric  held 
direction,  it  feels  a  restoring  torque  due  to  the  electric  field.  If  one  roxtricts  oneself  to 
lillipsoidal  droplets,  both  the  electrical  and  the  hydrodynaniical  torques  arc?  known 
exactly.  For  a  ]nolate  .spheroidal  droplet  of  minor  radius  6  and  major  radius  e,  t  he 
hydrodynaniical  torque  L  obeys^"^ 


L  —  /toF-y 


b'^ 


(0) 


\vhi!re  V  is  tlu?  droplet,  volnine.  'I’lie  ('lectrical  toicine  is  giviai  liy  a  standard  formula, 
wliich  depends  upon  t.lie  depolai  izat.ion  faetors  of  the  ellipsoid.'*' 

Note  t.hat  we  implicitly  assume  that  the  ixiliu’ization  of  the  individual  part  icles 
is  always  parcdlcl  t.o  t.lie  local  elecdric  lic^ld,  so  that  the  electricfil  loniue  ari.sc's  from 
the  interaction  among  the  different  particles  in  the  drojilel.  This  is  in  contriust.  to 
the  work  of  Hoinp,"^  who  sl.udied  individual  particles  who.se  polarization  lagged 
the  local  electric  held  iu  time  liy  some  iihase;  the.se  particles  can  cont.ribiit.e  an 
electrorheological  cll'ect  without  the?  need  for  significant  inter-jiarlicle  interactions. 

For  any  lauticular  drojilet,  the  angle  0  that  the  ifroplel  axis  makes  with  t.lie 
elecLik;  field  direction  can  Ice  ctilcnlated  lus  a  function  of  the  Ma-son  nuiuber  Mn  — 
(G^()'y/('()C«f/iii)^).  In  iiddition,  0  is  a  functicai  of  tlie  suspect  ratio  of  the  droplet , 
the  ratio  of  the  large  radius  c:  to  t  he  small  radius  b.  The  result  is 


0  -  Mn(c/'.)'^  (7) 

so  that  longer  droplets  are  rotated  by  a  larger  angle  away  front  the  field  direc¬ 
tion.  In  .So  doing,  they  lose  iiiue.h  of  t.heir  favoralile  deiiolarization  energy.  'I'lins 
a  hydrodynauiical  llcjw  field  will  tend  to  reduce  the  .size  of  structures  hi  an  MR 
sus])ensioii. 

An  actual  suspension  will,  of  cour.se,  consist  of  many  stich  droplets,  which  will 
collide  with  one  anotlicr  lus  well  lus  bri;ak  up  under  the  intliieuee  of  the  How.  (die 
might  thus  expect  that  the  tyiiical  size  of  droplets  iu  a  flow  will  be?  sc-t.  by  the 
maximuni  stable  size  of  a  droplet.,  because  droplets  below  this  .size  wliich  collide 
will  tend  to  aggregate,  while  droplets  above  tins  .size  will  break  up.  There  are  t  wo 
.sources  of  polarization  energy  for  a  droplet.  The  first  is  tfie  depolarization  enc-rgy 
at  the  ccciuilibriimi  angle,  cus  cletei'iniiied  by  the  two  competing  l.cir<|ues  mentioned 
above.  The  second  effect  is  the  surface  energy  of  a  droplet. Halanciiig  these  t  wo 
effects,  one  finds  that 


c  (X  Mn"' 
b  oc  Mil 


(S) 
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Fil'iiie  4.  Tlie  sciiltoriiiK  putlcrii  of  ii  slioarcd  Iluid  Ir  lolivtcd  with  i(5>|r'cl  to  that 
of  u  <|iiiniiciail  fluid  (Figuro  1).  Tii  tins  oasi!,  tlie  shoiu'  iat«  7  =  f.Ods"'.  Thuro  ia 
idso  It  much  stroiigoi'  liitciiaitv  u  mr  the  origin,  where  the  scuttoriiig  wave-vector  iu 
tiiuidl.  than  fur  the  quIe‘\.Liii  Iluid. 

which  Bcla  t.h"  loiigtii  aoJ  .Jth  of  droplola.  'I'liis  iiiiplios  that  D  is  given  by 

0  a  (9) 

and  that.  tl>o  macroscopic  susponsion  vi.scosity  scales  as 

p.,  oc  (10) 

Since  ,Mn  ex  7,  Liiis  rcsiiii  is  in  agreement  wiU)  the  low-ficiti  oxperiiiK'ul.Hl  ri., suits 
mentioned  above. 

In  onr  iigiit-scattcring  studies,  we  first  applied  an  electric  fioid  to  a  (pnescont 
fluid.  Wlum  a  steady  sliear  was  llien  applied  to  tlie  sample,  tlie  scati.ering  iialtei  n 
I'ol  ated  in  the  direction  of  the  vorticity  and  the  niaxiiiunn  intensity  of  the  scattering 
lobes  moved  to  </  =  0,  as  shown  in  Figure  4.  AfUir  a  brief  period,  the  scattering 
intensity  no  longer  changed  with  time. 

Thesi;  resnlt.s  can  be  interpreted  in  terms  of  the  existence  of  some  sort  of  rot.atial 
structures  in  the  fluid,  be  they  droplets  or  un- fragmented  colmuns.  I’o  iiroeeed  fur¬ 
ther,  we  analyse  tlie  angulai' ciistributiou  of  the  scattering  iiaUeni,  and  in  particular 
the  angle  of  its  maximum  O-max-,  «■'’  function  of  7.  It  is  natural  to  ident  ify  this 
angular  maximum  i>osition  with  0  from  Eq.  (7),  the  angle  a  droplet  makes  to  the 
electric  field. 

lb  determine  Omax,  we  first  divided  a  tiniivavcraged  sc.atterinu,  image  into  3G0 
wedges,  each  subtending  1°  of  arc.  We  then  integrated  the  total  intensity  in  each 
wedge,  and  plotted  the  result  versus  angle.  The  maximum  of  such  a  plot  detci  iniiics 


KiH'l'i'  T).  luiiilysis  iiulii  uU'.s  Uit>  aiiK'ili'f  <listril)iilioii  of  llio  scullcn  il 

liKlit  ill  <|ili<is(it'iil.  imil  slii'ui'c'd  lliiids.  UoIh'h  |)or|ii!iiiliculur  to  tlio  licld,  lui  in  Fii^mc 
1,  Kivc  im  niinnliu  disirilnil.ioii  slmrply  pi'uki'il  alioul.  Ilii!  <llivrlioii  piupoinliciitai 
to  I  111’  lii'lil  {II  II).  In  a  aluiai'iul  lliiiil  with  7  1.04.S'  tin*  lolirn  an'  l>i<Muli!r  and 

an'  also  rotal.isl. 

fhiuu  -  W(^  have  coiiu".!  t.lu’  t.oiiu  “pi('-''-ia<di'i('  luitilysis"  t.o  lUvscribi’  Ihis  pi-ni’ishii'o, 
Ix'oaii.sc’  it.  loads  l.liis  sdinowlml  ai'liiUaiy  laotliod  a  corlaia  car.hcl  olliorwiso  laokiii}!;, 
Fijtjiiro  5  t'.oiaiairoH  l.lio  losalt.  of  t.liis  prorcduro  lor  a  imioHooul.  lliiid  wil.li  t.lial,  lor  a 
lliiid  sluiai'od  at.  :i  rat.o  of  =  l.()4s  .  'I'ho  shoarod  rostill.  is  cotisidoralily  Inuadoi  , 

laif  aovort.lu'loss  ha,  a  cloarly  idoal.ilialilo  jioak. 

'I'lio  dojjondoaco  of  ou  7  is  sliowa  in  I’'i(>;aro  (i.  'I'lio  loasl.  h(|IIui'os  lit  (o  l.lio 
oxpouoiit.  gives 


Oviax  «  7''  A  =  0.32(i 


(11) 
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ill  superb  agreement  with  the  prndicliou  6  —  1/j  i'roiii  Eip  (10)-  Note  that  if  the- 
sti  uetuie.s  did  not  fraginoiit  willi  iiiereasing  shear  rate,  E<p  (H)  would  pri'diet  —  1 , 
which  is  certainly  (excluded.  Our  rosu.t-s  tluis  vividly  deinoiistratc  the  fragmentation 
of  the  drojilots  lus  the  .shear  rate  is  iiicnsused,  and  providi?  iiuu-pendent  conlirmatioii 
for  the  iiideiiendeiil-  droplet,  model, 

5.  Conclusions 

In  this  cliapter,  we  havi'  explored  two  dilferent  problems  in  the  “semi-dilute" 
Mlt  Iluid  regime.  In  eiu^li  easi',  tin’  dipolar  inleraetions  of  the  particles  give  ri.si' 
to  novel  |)hysics  on  inl.enneilial.e  Unigtii  .scales.  For  the  |)rol)l('ui  of  the  (siarsening 
of  a  (luie.scciit  Iluid,  our  experimental  results  can  b(!  at  least  |.>artially  understood 


(i.  'I'lic  iiiiLXiiniim  ef  t.lii’  leiKiiliu  piitlciii  IViiiii  loK'l''*'  !*.  Omnr-  Kraplil'tl 
vcisii.s  the  slicin'  rale  7'^’'.  Tlic  liiuiiirity  of  lliis  plol  is  .slioiia  rvulciue  lor  die 
“iii(li'|)i'lidelil  illoiilel”  iiiimIcI.  wtiii'li  clililil.s  llmt  ilroplcls  are  rotate,!  Iiy  an  aii|>le 
II 7''  '  from  the  eleelrie  lielil  ilireetioii. 
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ii.s  iirisiiij;  IVoiii  a  I  licniial  imtioii  iiit'chaiiisiii.  Our  uii(l(TKliili<liilj;  in  I  lie  slusiri'd 
lliiid  .siTiiis,  ill  tlii.s  st.iL(j;a,  to  bo  iiiuic  oomplol.o.  A  iiiodol  of  fni;;iiici;t.iiif;  and 
rooombiniuf;  droplota,  wldoh  wjus  (ii  igiiiully  dovispd  to  iioooiuit  for  the  iitiu  roscopic 
rhooliiHioid  ro,s])ou('  of  iho  fluid,  is  also  in  oxoo.lloiit.  aKrooinoiit  willi  li(;lil.-soiil.t('i  iii(; 
obsorvat.ioiis  of  flio  fluid  iiiicrostructuro. 
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ABSTRACT 


'I'lie  temporal  evolution  of  three-dimensional  structure  in  aii  electrorheological 
(ER)  Iluid  is  examined  by  a  computer  simulation.  A  parameter  B  characterizing 
the  ratio  of  the  Brownian  force  to  the  dipolar  force  is  introduced.  For  a  wide  range 
of  B,  the  Ell  fluid  has  a  rapid  cliain  formation  followed  by  aggregation  of  chains  to 
form  thick  columns,  which  has  a  body-centered  tetragonal  (hd)  lallict  structure. 

The  Peicrls-Landau  instability  of  single  chains  helps  formatiou  of  thick  columns. 

If  B  is  very  small,  the  ER  system  will  be  trapped  in  some  local  energy-minimum 
state. 

1.  Introduction 

Electi'orheological  (ER)  Huids,  often  referred  to  as  smart  fluids,  have  a  wide 
variety  of  applications  in  industries  and  technologies.  A  typical  ER  fluid  consists 
of  a  suspensions  of  fine  dielectric  particles  in  a  liquid  of  low  dielectric  constant,'"^ 
Its  effective  viscosity  increases  di'amatically  if  an  electric  field  is  applied,  and  when 
the  field  exceeds  a  critical  value,  the  ER  fluid  turns  into  a  solid  whose  shear’  stress 
continues  to  increase  as  the  field  is  further  strengthened.  These  phenomena,  occur 
in  milliseconds  and  are  reversible. 

The  structure  is  fundamental  in  understanding  the  physical  mechanism  and 
properties  of  ER  fluids.  Experiments  indicate  that  upon  application  of  electric 
field,  dielectric  particles  in  ER  fluids  rapidly  form  chains  which  then  aggregate 
to  form  thick  columns  between  two  electrodes.'*"^  A  theoretical  prediction**  of  a 
body-centered  tetragonal  (bet)  lattice  as  the  ground  state  of  the  thick  columns  ha,s 
recently  been  verified  by  experiments'*. 

The  issue  of  dynamics  of  structure  formation  in  ER  fluids  is  under  extensive 
investigation.  The  interest  in  Uie  issue  has  further  been  enhanced,  since  Kamieii 
and  Nelson  recently  pointed  out  that  the  phase  transition  in  ER  fluids  is  related 
to  the  physics  of  directed  polymer  melt.s  and  ([uantuin  niccluinics  of  bosons  in  2-t-l 
dimensions.®"*' 

Two-dimensional  (2-D)  computer  simulations  were  first  employed  to  investigate 
the  issue.  The  results  of  2-D  simulations  can  be  summarized  as  follows.  If  thermal 
fluctuations  in  ER  fluids  are  ignored,  2-D  simulations  found  separated  single-chain 
structures.’^  If  the  thermal  fluctuations  are  included  in  the  simulations,  triangular 
lattice,  the  only  close-packed  structure  in  two  dimensions,  is  indeed  found  to  be 
the  ER  structure  (see  Fig.  1).*’*  The  extrapolation  of  results  in  two  dimensions 
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to  tliree-dimensional  (3-D)  systems,  liowever,  is  hindered  not  only  by  the  obvious 
difficulty,  but  also  by  the  singular  nature  of  the  Coulomb  potential. 


Fig.l  Tlic  closc-packcd  triangular  lattice  is  the  ER  structure  found  in  2-D  siinulations  if  the 
'.licrnial  fluctuations  arc  included. 

There  have  been  a  couple  of  3-D  simulations  of  ER  fluids  reported.  Whittle’'* 
and  Molrone’®  only  examined  the  initial  aggregation  process  in  their  3-D  simu¬ 
lations  peripherally.  The  simulations  by  Bonnecaze  and  Brady’”  include  the  full 
liydrodynamics  and  electrostatics,  but  ai'e  performed  at  zero  temperature,  thus  do 
not  give  information  on  the  structure  formed.  Recently,  Hass  reported  that  a  regular 
lattice  was  not  formed  in  his  3-D  simulation.’^  However,  his  simulation  ignores  the 
thermal  fluctuations  and  the  effect  of  two  electrodes  whicli  have  been  both  jnoved 
to  be  important  in  formation  of  thick  columns. 

To  clarify  the  issue,  we  consider  a  monodisperse  suspension  of  spherical  dielectric 
particles  in  a  nonconducting  liquid.  The  particles  have  diameter  a  and  dielectric 
constant  f.p.  The  liquid  has  dielectric  constant  and  viscosity  7;,  The  system  is 
confined  between  two  parallel  electrodes  which  are  denoted  as  planes  r  =  0  and 
z  —  L.  When  there  is  no  voltage  applied,  the  particles  arc  randomly  distributed 
throughout  the  fluid.  In  an  electric  field,  each  paiticlc  obtains  an  indviced  dipole 
moment,  p  —  ae.j{al2)^'Eng^  where  a  =  (tp  —  c/)/(ej,  -b  2ey)  and  is  the  lociil 
field.  As  did  in  other  simulations’'’"”''’^,  we  take  the  dipolar  approximation.  The 
role  of  higher  order  multipoles  will  be  discussed  at  the  end  of  the  paper.  The  Eli 
solid  structure  is  dclermincd  by  the  dipolar  interactions,  viscous  drag  forces,  and 
Brownian  motions. 

We  have  found  that  the  thermal  motion  jjlays  a  very  iiiiiiortant  role  in  the  struc¬ 
ture  formation  of  ER  fluids.  Though  the  ratio  of  the  dipolar'  energy  to  the  thermal 
energy  is  very  high  for  a  typical  ER  fluid,  {p^ /f f<T^)lki}T  ~  lO”,  the  thermal  energy 
cannot  be  ignored.  Because  of  the  Peierls-Landau  instability  of  one-dimensional 
sohd'*,  there  is  another  important  quairtity,  a  ratio  of  the  thermal  energy  to  the 
lowest  phonon  excitation  encigj'  of  a  single  chain,  ki}TI{hc./2L)  ~  lO”  where  c  i.s 
the  sound  velocity  in  the  ER  fluid.  Therefore,  the  thermal  energy  i.s  more  than 
sufficient  in  creating  thermal  vibrations  of  the  single  chains  which  accelerate  the 
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aggregation  process.  We  will  introduce  a  pfu-ametcr,  B,  characterizing  the  ratio  of 
the  dipolar  force  to  the  Brownian  force.  0\ir  simulation  finds  that  for  a  wide  range 
of  B,  with  the  help  of  the  Brownian  force,  the  ER  fluid  evolves  into  thick  columns 
which  has  the  bcl  lattice  structure.  When  B  is  very  small,  the  ER  system  is  unable 
to  get  out  from  some  trapped  local  energy  minimum  state  to  approach  the  ground 
state. The  structure  at  very  small  B  may  be  related  to  directed  polymers.®"*' 
When  B  is  too  big,  thermal  vibrations  prevent  the  system  from  formation  of  stable 
solid  structure. 


2.  Computer  Simulations 


Tile  motion  of  the  dtli  particle  is  described  by  a  Langevin  Ecpiation 

-■  F.  -  +  R,(f)  (1) 

where  F,  is  the  electric  force  acting  on  the  pruticle  and  -Grcniv,  is  the  Stoke.s'  drag 
forc<'.  In  Eti.(l),  we  iucliule  a  random  Brownian  force  R,(<),  repre.seniing  tin-  net 
eilec't  of  collisions  of  solvent  molecules  on  the  part'cle.  In  the  previous  shnulation'^. 
Ri(f)  was  ignored. 

The  dipolar  force  acting  the  particle  at  r;  by  a  i)arliele  at  Kj  is  given  by 


f  = 


(er(l  -  3cos^  Oij)  ~  eflsin*  d,j\ 


where  r,^  ~  v,  —  Tj  and  0  <  Ojj  <  |  is  the  angle  Ixdwecn  the  z  <lirection  and  the 
joint  line-  of  the  two  diirole.s.  We  use  e,  as  a  unit  vector  parallel  to  r,^  and  ej/  as  a 
unit  vector  parallel  to  Cr  x  (ur  x  E(i). 

A  dipole  ]3  inside  the  capacitor  at  r,  =  proilnces  an  infinite  iimnher 

of  iinagrts  at  — ?()  and  (.c,,  y,,  2£A.'±.;, )  for  k  ~  ±1,±2,  -  -.  The  interaction 

force  between  a  dipole  and  an  image  has  the  same  form  as  E(i.(2).  The  yth  parti<  le 
ami  its  infinite  images  produce  an  electric  force  on  the  /th  particle. 


,.2  .21 


-  p  4d  ?r' (a:,  —  Xj)  s;rp,j  sn:,  ~j 

=— M  - ^Al(— 7-^)cos(— )cos(— ^ 

P<j  L  L  L 

,.  p-'  >^4.s*7r^(y, -yj)  .STrp,;  , -siri; , 

nr  ^  “T  ^  T'  > 


-Al(— ^)cos(-y-)a>s(— 


/■J.z  =  4.S  ’7r  */\o(  )  siu(  )  co.s(  ) 


\ 


where  mj  =  XjY  -f  (y,  —  y^)^  and  A'o  wid  A'l  arc  luorlified  Be.ssel  functions. 

The  force  on  the  rth  particle  by  its  own  imagtis  is  in  tlu;  z  direction  and  denoted  as 
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fsetf 


f. 


V  (z.  +  sLY 


(4) 


To  simulate  the  hard  spheres  and  hard  walls,  we  introduce  a  short-range  repulsive 
force  between  two  particles 


r>  ep  _ 

ijO* 


exp[-100(»-,j/<7  -  1)1 


(5) 


and  a  short-range  re])ulsion  between  a  particle  an<l  ihe  electrodes 

fr"=  -^^{cxpl-100(z./<T- 0.5)1 -exp(-100((L~j.)/a- 0.6)1}.  (6) 

Now  F,  in  Eq.(l)  is  given  by 


F.  -  ^[fo  +  f:;"!  +  +  +fr"  (7) 

J?4< 

The  raiidoiu  force  R|(<)  has  a  wliite  noise  distribution, 

(lii.i)  =  0,  {R,,a{O)Ri,0{t))  =  6Ttki)TcniSa06(t)  (8) 

where  k/j  is  Boltzmann’s  constant  and  T  is  the  temperature.  In  our  simulation,  we 
replace  Ri(0  l>y  Ri(f,  A<)  wiiich  is  the  average  of  R,(t)  over  a  short  time  step  Af, 
/?,,a(i,  At)  =  2^/J'''^*iI,,n(i')ctt'.  R,(f,  At)  has  a  normal  distributioi', 

t.  At )^  >=  (9) 

where  fi  =  ^/Q-KkaTct]/ At  is  the  Brownian  force  scahn 

The  intrinsic  time  scale  in  Eq.(l)  is  to  ==  m/{^Tr<7tj).  We  take  t  =  tot*,  F,  =; 
i^uF*  wliere  /'o  —  Zp^/{€fU^),  R,  =  flR*,  and  r,  =  trr*  In  Eq.(l).  The  scaling 
transformation  produces  a  new  equation 


f‘  +  r*=A(F*-fBR;)  (10) 

where  A  =  Fo/(3x-CTT;((T/ta)l  and  B  =  S2/Fu-  It  is  clear  that  l/A  is  related  to  the 
Mason  number,  a  ratio  of  the  viscous  force  to  the  dipolar  force.  B  is  a  ratio  of  the 
Brownian  force  to  the  dipolar  force. 
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Equation  (10)  indicates  that  the  final  structure  of  our  system  is  related  to 
the  two  constants  A  and  B.  For  a  real  ER.  system,  such  as  alumina  particles  in 
petroleum  oil,  cy  ~  2,  Cp  ~  8,  q  ~  0.2  poise,  a  ~  10/im,  and  the  particle  mass 
density  p  ~  3g/cm^.  At  £&  =  3KV/mm  and  T=300  K,  the  ER  fluid  will  be 
solidified  in  experiments.  Under  these  conditions,  we  estimate  <o  ~  8-33  x  10“^  s 
and  A  ~  10”^.  As  At  =  0.4<o,  D  ~  10“'.  Our  simulation  just  takes  the  above 
values  for  A  and  B. 

An  adaptive  step-size  control  for  Runge-Kutta  method  is  applied  to  integrate 
the  motion  equation  (10).  We  specify  a  criterion  8tc.  Let  the  largest  position  change 
among  idl  particles  during  the  time  step  8t  be  6r^.  If  Sr,^  >  in  the  subsequent 
simulation,  we  reduce  the  time  step  to  Stjd  where  d  is  a  controlled  constant,  greatc 
than  one.  If  <  bvc  in  the  next  step,  we  increase  the  time  step  to  cbt  where  c 
is  also  a  controlled  constant,  greater  than  one.  Through  constants  c  and  d  whose 
selection  will  be  specified  shortly  after,  we  control  the  step  size  in  our  integration. 
It  is  also  clear  that  br^  is  relatively  big  at  the  initial  stage  and  gets  smaller  and 
smaller  at  the  final  stage.  Accordingly,  we  will  reduce  be  iu  tiie  course. 

Oui'  simulation  has  N=122  particles  in  a  box  with  Lx  -  Ly  =  5cr  and  Lt  =  14a. 
Theoretical  cidculation  has  already  shown  that  if  L,  <  6cr,  the  single-chain  structure 
has  a  lower  energy  than  that  of  thick  columns.®  Therefore,  we  take  a  relatively  big 
Lj.  A  periodic  boundary  condition  is  imposed  in  the  x  and  y  directions.  This 
corresponds  to  a  volume  fraction  <p  =■  0.183.  At  every  step,  we  ap])ly  the  following 
three  order  parameters  to  characterize  the  structure'®, 

1  ^ 

where  three  reciprocal  lattice  vectors  of  the  bet  lattice  bi  =  (27r/a)(2e'^/\/C  —  6^), 
bi  =  (27r/a)(2e'j,/\/C  -  e^),  and  bj  =  4xe  j/a.  Among  the  three  unit  vectors,  Cj  is 
in  the  field  direction,  but  e'^  and  c'j,  should  be  along  the  intrinsic  axes  of  the  bet 
lattice.  In  the  structure  formation,  the  ER  system  may  rotate  aixnmd  the  z  axis,  a 
phenomenon  already  observed  in  experiments.''  Therefore,  when  measuring  (>\  and 
pi,  we  always  rotate  e'^.  and  e'^  about  the  z  axis  to  find  a  position  which  maximizes 

tnp-i- 

The  order  parameter  p^  characterizes  the  formation  of  chains  in  the  i  direction. 
The  other  two  parameters  p\  and  pi  characterize  the  structure  in  the  x-y  plane. 
All  these  three  order  parameters  are  unity  if  the  ER  system  is  the  ideal  bet  lattice. 
When  the  dielectric  particles  are  randomly  distributed  as  in  a  liquid  state,  they  are 
all  vanishing. 


3.  Results  and  Discussions 

Tlie  initial  state  is  shown  in  Fig.2  where  the  dielectric  particles  .ur  randomly 
distributed  and  tlie  thiee  order  parameters  are  vanislring.  At  t  =  0,  a  strong  electric 
field  is  turned  on  to  reach  A  =  10“^  and  D  =  10~’  and  the  p.-uticles  begin  to  move. 
For  the  first  5000  steps,  wo  take  Stc  =  6t  —  0.5to,  c  =  2  and  d  =  2.  It 

can  be  noticed  from  Fig. 3  that  after  the  first  5000  steps  (about  10  inilliseconds), 
single  chains  are  in  sliape  but  the  lateral  ordering  is  very  weak.  The  structure  has 
P3  =  0.C17,  while  pi  —  0.32  and  p2  ~  0-lC. 
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Fig.  2  III  llic  initial  stale,  dielectric  par¬ 
ticles  arc  raiidoitily  distributed. 


Fig.  3  The  coiifigurutioii  after  first  5000 
time  steps. 


For  the  next  15000  steps,  we  change  c  to  1.1  and  d  to  3.0.  At  the  <”id  of  tliis 
time  interval,  we  have  p3  =  0.02,  but  p\  and  p^  remain  around  0.4  ~  0.5.  The 
structure  is  in  Fig. 4.  Clearly,  the  ordering  in  the  field  direction  is  almost  perfect 
and  the  lateral  ordering  is  building. 

After  20000  steps,  we  reduce  6rc  to  0.0005(7  and  continue  the  simulation.  Tlie 
structure  obtained  at  90000  steps  in  Fig. 5  cleaidy  shows  excellent  orderings  both 
in  the  field  direction  and  in  tlie  x-y  jilane.  Single  chains  have  been  aggregated 


into  a  bet  lattice  structure.  Three  order  parameters  are  pj  =  0.091,  p\  —  0.915, 
turd  P2  —  0.850.  Further  time  evolution  shows  little  improvement  and  the  process 
becomes  extremely  slow. 


Z 


1’ ig.  4  Tlie  ooiiligiiralioii  after  '2l)0OU  time  Fig-  5  Tlic  configuration  after  90000  lime 

steps.  steps. 

The  projection  of  the  3-D  structure  in  Fig.5  on  to  the  x-y  plane  has  a  square 
lattice  on  the  x-y  plane  (Fig.O).  For  example,  the  marked  square  has  its  side  ~ 
\/1.5<7  -•  1.225(7,  marking  an  idisal  bet  lattice.  The  four  clioins  at  the  corners 
have  14  particles  straight  along  the  field  direction.  The  chain  at  the  center  has  12 
particles  close-packed  with  the  four  neighbor  chains.  The  structure  is  an  ideal  bet 
lattice  if  the  chain  at  the  center  does  not  have  one  particle  missing.  The  thick  dots 
in  Fig.  6  also  indicate  that  the  chains  are  straight  in  the  field  direction. 

Fig.  7  shows  the  three  order  parameters  develop  with  time.  The  fonnation  of 
single  chains  is  rapid.  In  about  several  milliseconds,  p^  reaches  0.6.  After  0.4s,  p^ 
is  above  0.9.  The  building  of  lateral  ordering  is  relatively  slower  than  the  formation 
of  chain.  It  takes  about  several  .seconds  to  have  p\  and  pi  reached  0.8. 
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Fig.  6  Projection  of  tlie  configuration  in  Fig.  5  to  tlic  x-y  plane. 
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Fig.  7  The  order  parameters  change  w  tli  time  after  tlie  electric  field  is  applied.  The  time  unit 
is  second. 

We  have  also  done  some  tests  to  verify  the  importance  of  non-equilibrium  Brow¬ 
nian  force  in  development  of  ER  solid  structure.  If  we  ignore  the  Brownian  motion 
completely,  or  let  B  be  extremely  small,  such  as  .H  ~  IG"®,  then  the  ER  fluid  has  a 
rapid  chain  formation  followed  by  a  kinetic  trapping  i.nto  a  complicated  structure. 
After  a  long  time,  the  structure  has  pj  stayed  about  0.7  but  pi  and  p2  remain  0.3  or 
below.  In  another  words,  the  system  is  trapped  in  to  a  local  energy-minimum  state, 
but  cannot  get  out  to  reach  the  global  energy-minimum  state.'^  The  structure  in 
such  a  case  needs  a  further  study  because  it  may  be  related  to  directed  polymers,^ 
When  B  is  very  big  >  1,  such  as  the  case  of  very  small  dielectric  particles,  the  ER 
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system  has  too  mucli  vibrations  which  prevents  from  formation  of  a  stable  structure. 
However,  for  a  quite  a  v.  ide  range  of  we  find  that  the  ER  fluid  has  a  rapid  chain 
formation,  followed  by  an  aggregation  of  drains  to  form  tlie  bet  lattice  structure 
with  three  order  parameters  close  or  above  0.9. 

Finally,  we  compare  our  simulation  with  experiments.  The  rapid  chain  forma¬ 
tion  in  our  simulation  takes  about  10  milliseconds  or  longer.  This  result  is  consistent 
with  other  simulations.'^  However,  the  experiments  on  ER  fluids,  such  as  alumina 
particles  in  petroleum  oils,  find  this  chain  formation  time  is  only  about  several  mil¬ 
liseconds,  shorter  than  our  result.'^'’  The  reason  for  this  difference  may  lie  in  the 
fact  that  we  ignore  the  contributions  from  higt.er  multipulcs,  charges,  and  currents 
in  ER.  fluids  which  begin  to  draw  attention  recently.^' 
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A  CONDUCTION  MODEL  OF  ELECTRORIIEOLOGICAL  EFFECT 
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CNHS  and  Unn'frsdv  Joseph  Fourier  de  urvnohle 
li.P.  i66  *  3HQ42  Grvnohle  Cedex  9  (France) 


ABSI'RACT 

A  conduction  model  is  proposed  to  expluin  the  clcclrorlicolugical  effect  under  D.C. 
or  low  frequency  A.C.  fields,  l-irstly.  iin  upproxinutc  lumlysis  taking  into  account  the 
bulk  conduction  of  the  solid  and  (he  non  linear  conduction  pi'o|)cr(ies  of  the  liquid  is 
confinned  by  expeiimentx  on  large  scale  spheres.  Secondly,  the  predictions  are 
extended  to  tiie  case  of  surface  conduction  of  the  solid  spheres. 


1.  Iiitruductiuii 

111  the  194(J's,  Winslow'  working  with  silica  in  kerosene  discovered  that  applying  a 
D.C.  or  A.C.  Held  of  the  order  of  1  kV/nim  resulted  in  a  drastic  change  in  the 
rlieological  jiroiiertics  of  the  suspension  :  its  apiiarenl  viscosity  was  increased  by 
several  orders  of  magnitude  and  a  transition  to  a  "solid"  phase  was  obtained  when 
applying  the  field  to  the  .stispemsion  at  rest;  a  .suiic  yield  .stress  was  obtained,  i.c.  a 
stress  threshold  at  zero  shear  rate.  These  phenomena  are  manifestations  of  what  is  now 
called  the  elecirorheological  (ER)  effect  and  the  suspensions  exhibiting  this  ER  effect 
are  named  ER  fluids*.  The  latter  arc  mixtures  of  micrometer  size  particles  of  rather 
insulating  materials  and  dielectric  insulating  liquids  with  the  volume  fraction  of  solid 
material  usually  ranging  from  10  to  40%. 

A  great  number  of  ER  lluid.s^,  and  particularly  the  early  studied  ones,  are 
susiHinsions  of  more  or  less  hydrophilic  particles  tike  corn  .starch,  silica  gel,  cellulose, 
etc...  :  water  or  other  additives  adsorbed  on  or  within  the  particles  promote 
dramatically  the  ER  effect.  Unfortunately,  these  necessary  additives  make  the 
rheological  behavior  of  these  fluids  much  dependent  on  temperature.  Recently  the  use 
of  anhydrous  particles  as  ,semi-conducting  polymers  allows  to  obtain  steady  rheological 
behavior  in  a  larger  temperature  range’*.  The  main  characteristics  of  ER  fluids'’  are  the 
yield  stress  (a  few  kJ'a),  the  ratio  of  dynamic  viscosity  with  and  without  electric  field 
(>  100),  the  response  time  (~  ms)  and  full  reversibility  :  the  lluid  recovers  its  original 
stale  and  properties  when  the  electric  field  is  removed. 

Numerous  applications  of  ER  fluids  exist  and  a  lot  of  devices  have  been  proposed*’. 
Among  them  are  electromechanical  coujiling  devices  (active  damper,  brake,  clutch). 
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hydraulic  actuators  (ER  valve  and  bridge),  robotic  devices  (compliant  wrist),  servo- 
control  systems  (position,  rate,  force),  acoustic  apparatus,  etc...  To-day,  the  major 
drawback  of  commercial  ER  fluids  is  the  operating  temperature  range  limit. 

Although  ER  effect  is  presently  an  active  field  of  research,  the  physical 
mechanisms  explaining  the  ER  phenomena  arc  not  yet  entirely  understood^.  Generally 
the  ER  effect  is  explained  by  the  competition  between  the  phenomenon  of  electrically 
induced  aggregation  of  particles  in  fibers  and  the  desaggregation  due  to  hydrodynamic 
forces.  Conventional  wisdom  ascribes  the  aggregation  of  particles  to  the  mismatch  of 
permittivities,  £3  (solid)  and  (liquid).  As  65  is  always  larger  than  e^,  the  particlc.s 
attract  one  another  and  form  chains,  like  iron  filings  in  a  magnetic  field. 

This  cannot  be  the  whole  story.  As  mentioned  by  Eilisko,  titanium  oxide  (e/£„=80) 
apjjears  to  be  very  active,  but  becomes  inert  in  the  dry  state*.  The  role  of  water 
remained  for  a  long  time  a  mystery;  it  is  plausible,  however,  that  water  merely  gives 
the  particles  some  sort  of  conductivity.  Water  can  be  dispensed  with  if  the  particle 
material  exhibits  an  intrinsic  conductivity  in  the  dry  state.  On  the  other  hand,  it  must 
be  realized  that  most  liquids,  even  purified  hydrocarbons,  are  comparatively  poor 
insulators.  Their  relaxation  time  (c^:  conductivity)  rarely  execds  10  ‘  s, 

while  many  solids  can  keep  their  charge  for  minutes  (t3>  10-  s). 

The  classical  condition  for  the  field  distribution  not  to  depend  on  time  (and, 
therefore,  to  remain  identical  to  that  given  by  permittivities)  is  tL=T3  ,  a  condition 
which  is  not  satisfied  by  most  ER  mixtures,  particularly  in  the  absence  of  w'ater.  Thus, 
at  low  or  zero  frequency,  the  field  distribution  and  the  forces  must  be  controlled  by  the 
conductivities  of  both  phases. 

On  the  basis  of  this  fundamental  fact  we  recall  first  the  calculus  of  the  attraction 
force  between  two  spherical  particles  as  a  function  of  both  the  magnitude  of  electric 
field  and  the  ratio  of  particles  and  carrying  liquid  conductivities,  taking  into  account 
the  non  linear  conduction  pro|x:rtics  of  liquids.  Our  model  is  tested  on  a  large  scale 
experiment  using  slightly  conducting  polymeric  spheres  and  controlling  the  liquid 
conductivity.  The  measurements  fully  confirm  the  occurrence  of  two  regimes, 
qtiadralic  and  linear,  of  variation  of  the  force  as  a  function  of  the  field.  Einally  wc 
extend  the  interaction  force  estimation  to  the  case  of  particles  having  only  a  surface 
conductivity. 

2.  Conductive  model 

The  mechanisms  proposed  until  recently’’"^  do  not  satisfactorily  account  either  for 
the  order  of  magnitude  of  the  ER  effect  or  for  the  drastic  influence  of  added  water. 
When  retaining  only  the  dipolar  interaction  due  to  polarisation  of  particles,  most 
authors  neglect  the  role  of  very  small  but  non  zero  conductivity  of  dielectric  materials 
which  are  never  perfectly  insulating.  Now  the  conduction  effects  play  the  major  role 
for  D.C.  and  low  frequency  A.C.  applied  fields' and  we  proposed  a  new 
explanation  based  on  the  conductivity  of  both  phases  controlling  the  field  distribution  and 
therefore  the  interaction  between  particles'*.  We  briefly  recall  below  the  main  points. 
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2.1.  A  necessary  condition  of  the  ER  effect 

When  particles  >vith  permittivity  Cj  and  conductivity  immersed  in  a  liquid  with 
El  and  are  sujected  to  a  D.C.  unifoim  elcriric  field  they  acquire  a  dipole 
moment  p  determined  by  Oj  and  Ol-  For  a  sphere 

p  =  (Cs-cJ  /  (03+20,;  (!) 

The  dipole  moment  is  parallel  to  the  field  if  Os>Ol  and  antiparallel  if  In  both 

cases,  pat  tides  would  seem  to  be  able  to  attract  one  another  and  to  build  chains. 

In  the  case  of  the  prolate  ellipsoid,  the  electric  torque  always  tends  to  align  the 
major  axis  parallel  to  the  field.  Thus,  attraction  and  orientation  would  seem  to  be 
present  in  all  cases,  though  weaker  when  03<0l.  This  conclusion,  however,  is 
unwarranted,  for  the  dynamics  of  the  system  docs  not  allow  stability  in  the  latter  case. 
In  a  nutshell,  particles  take  a  chaotic  rotary  motion which  prevents  aggregation  and 
alignment  when  the  relaxation  time  of  the  liquid  is  larger  than  the  time  for  the 
particles  to  rotate  by  a  substantial  angle  under  the  pull  of  the  electric  torque.  The 
condition  for  this  may  be  roughly  expressed  by  : 

Tl  >  nu/ELEo-  (2) 

where  is  the  dynamic  viscosity  of  the  liquid.  This  condition  being  usually  satisfied 
in  practical  settings,  no  ER  activity  is  to  be  expecter)  whenever  crs<CL. 

2.2.  Attraction  force  between  two  spheres 

Let  us  consider  two  spheres  of  radius  R  of  a  solid  material  much  less  insulating 
than  the  liquid  (CTj»cJ.  Each  sphere  roughly  behaves  as  a  conductor  immersed  in  a 
much  more  insulating  liquid  and  takes  the  potential  corresponding  to  the  location  of  its 
center.  Between  two  spheres  at  a  distance  d,  the  order  of  magnitude  of  the  field  is  : 

E~  E<,(l+2R/d)  (3) 

and  as  d  tends  to  zero,  E  would  increase  dramatically.  Indeed  for  high  electric  fields 
the  conductivity  of  non  polar  liquids  to  a  rough  approximation  increases  exponentially 
with  V/f  This  field  enhanced  conductivity  results  practically  in  a  saturation  of  the 
field  between  the  spheres.  For  two  spheres  in  contact  the  field  intensity  is  limited  in 
the  liquid  close  to  the  contact  point,  where  the  layer  of  liquid  is  very  thin. 

This  basic  remark  allows  to  estimate  the  attraction  force  between  the  two  spheres. 
In  the  case  r  =  Os/OL»  1 ,  the  equipotential  character  of  the  sphere  surface  of  course  fails 
in  the  contact  zone  and  we  can  distinguish  two  regions  (Fig.  1-a)  :  for  x>6  we  can 
state  that  the  sphere  surface  is  equipotential  and  the  current  escaping  from  the.  sphere  is 
negligible;  for  x<8,  the  field  in  the  liquid  more  or  less  saturates  due  to  the  enhanced 
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conductivity  of  tlic  thin  liquid  layer  and  the  major  part  of  the  current  .rosses  the  liquid 
in  this  region. 

With  this  picture,  the  attraction  force  can  be  easily  calculated.  For  x>5,  the 
voltage  is  almost  entirely  applied  to  the  liquid.  The  local  field  is  E  =  U/y,  where  U  is 
the  potential  difference,  between  the  spheres  (U  =  2RE,>)  and  y  is  the  distance  between 
them  (Fig.  1-b).  By  replacing  the  sphere  by  paraboloids  of  same  radius  of  curvature  at 
x=0,  y  is  approximated  by  x-/R.  The  force  per  unit  arc,  is  eLE-/2  and  in  an  annulus 
between  x  and  xd-dx,  we  get : 

dF|  =  JtELU-R-dx/x^  (4) 

By  integration  between  6  and  R  one  obtains  (8-«R-)  : 

F,  5  (n/2)  ElU-  (R/5)-  (5) 

For  x<o  we  assume  the  field  strength  to  be  roughly  constant  and  equal  to  the  value  at 
x=S  ;  Eg  =  RU/5-.  The  contribution  of  the  inner  zone  then  v/rites  :  F2  =  tt5-  (eJ2) 
Eg-  =  (Jt/2)  ElU^  (R/S)-  and  is  equal  to  F,.  The  total  attraction  force  is : 

F  =  F|  +  F,  =  tcElU-IR/S)-  =  4aR2  (R/5)-  (6) 

The  next  step  to  derive  this  force  is  to  determine  the  transition  radius  6. 

2.J.  Low  applied  fields 

Coining  back  to  the  splitting  of  the  sphere  surface  into  two  regions,  it  is  clear  that 
only  a  small  part  of  the  current  escapes  from  the  sphere  in  the  first  region  (x>5),  the 


(a) 


Fig.  1.  Scheiiialic  view  <>t  the  twv>  halt-spheres  in  contuel  (a)  skeleh  ot  curreiU  lines  in  both  media  ; 
(h)  definition  of  notations. 
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resistance  offered  by  the  liquid  being  much  greater  than  that  of  the  solid  phase.  Very 
close  to  the  contact  point  where  the  two  spheres  are  touching  each  other,  conversely, 
the  resistance  offered  by  the  very  thin  layer  of  liquid  (the  conductivity  of  which  can  be 
enhanced)  is  negligible  compared  with  the  one  of  the  solid  material  where  the  current 
density  has  increased  drastically. 

The  distribution  of  current  in  such  a  system  is  given  by  Onsager's  minimum 
dissipation  theorem,  which  is  the  counterpart  of  Riemann's  minimum  energy  theorem 
for  static  fields.  One  readily  secs  that  the  conductance  Q  of  the  sphere  increases  with 
6,  while  the  oppttsite  is  true  for  the  conductance  of  the  liquid.  Thus,  it  is  plausible 
that  dissipation  is  minimum  when  both  conductances  are  nearly  equal,  and  this  gives  an 
equation  for  5. 

The  conductance  Cj  of  the  solid  spheres  can  be  approximated  by  assuming  that  the 
current  passes  through  the  disks  with  radius  6  (see  Fig.  1).  Using  i)  tlie  capacitance 
c  =  8e5  of  an  conductor  disk  (radius  5)  isolated  in  an  infinite  medium  of  permittivity  e, 
ii)  the  relation  rc=e/a  (r  resistance,  a  conductivity)  and  hi)  the  following 
approximation  ;  two  lialf  spheres  in  contact  are  equivalent  Vo  two  disks  in  serie  (both  of 
them  isolated  in  an  half  infinite  medium),  we  obtain  for  the  conductance  Cj : 

Cs  =  20s6  (7) 

As  concerns  the  liquid  phase,  the  conductance  of  the  layer  comprised  between 
cylinders  of  radii  x  and  x+dx  is ; 

dCL  =  2710^  xdx/y  =  2itcrLR  dx/x  (8) 

and  by  integrating  : 

Cl  =  2nRaL  ln(R/6)  (9) 

This  is  the  conductance  of  the  part  of  tlie  liquid  which  competes  with  the  sphere  for 
carrying  the  current  (note  that  the  conductance  of  the  liquid  within  the  5-disk  is  very 
large  but  plays  no  role  in  our  picture  because  this  part  of  the  liquid  is  in  series  with  the 
sphere).  Balancing  both  conductances  Cj  and  leiids  to  the  condition  ; 

(R/6) ln(R/6)  =  r/K  (10) 

which  determines  6  (T  is  the  conductivity  ratio  ;  T  =  cJci^  »  1).  In  the  low  electric 
field  case.  R/5  is  a  constant  only  depending  on  F.  This  gives  the  classical  quadratic 
behaviour  for  the  attraction  force  : 


F  s  4rtR\K.,  - T- E.,-  (11) 

where  Kp  stands  for  [k  ln(R/6)l  '.  Note  that  Eq,  (11)  also  predicts  a  quadratic 
dependence  on  I'. 
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2.4.  High  applied  fields 

In  the  high  fields  case,  there  are  regions  in  the  liquid  (x>6)  where  the  conductivity 
enhancement  becomes  significant.  The  field  dependence  of  is  described  tlieoretically 
by  Onsager's  theory'^  which  gives  for  the  dissociation  constant  Kj  of  a  solute  ; 

Kj(E)  =  Ka(0)  H(E/Eo„.^)  (12) 

where  Eon5  =  (87teL/e)(kT/e)^  (e:  electronic  charge;  kT:  thermal  energy)  and  the 
function  H  expresses  in  term  of  the  Bessel  function  J  [  The  elementary  conductance 
dCL=27tROL(E)dx/x  now  involves  the  field  dependent  conductivity  (with  E  -  UR/x^). 
In  order  to  get  qualitative  insight  rather  than  a  precise  quantitative  description,  a^fE)  is 
assumed  to  vary  proportionally  to  the  dissociation  constant  Kj.  In  order  to  integrate 
Eq.  (8)  and  obtain  analytical  expressions,  it  is  worthwhile  to  use  the  simplified 
expression  : 

Ol(E)  =  0^(0)  {(1-A)  +  A  cxp[(E/Ec)''2l}  (13) 

where  A  and  Eg  are  constants  depending  on  the  considered  liquid.  For  instance,  in  the 
case  of  a  non  polar  liquid  with  El  =  2.2  A =0.1  and  Eg =0.335  kV/mm  give 
values  differing  only  by  a  few  percent  from  Onsager  values  for  E  in  the  range  15  to  50 
kV/mm  Substituting  E  by  UR/x*-  and  integrating  after  a  change  of  variable  and  a 
further  approximation  finally  leads  to  ; 

Cl.  =  21X0^5  (Eg/2Eo)''2 exp[(R/8)  (2Eo/Eg)‘'2]  (14) 

Stating  again  that  5  is  detenni"  *  lalancing  C,.  and  C^,  one  obtains  the  following 
expression  for  the  atirac>'('  ..  i 

h  =  2i'  .  ci.t.  Unl(10I77t)  (2Eg/Eg)>'2)}2  (15) 

The  law  is  now  line,  r  liy  *•  "“st  approximation  and  exhibits  a  very  weak 
dependence  on  P  (r»l). 

A  very  simple  approximate  formula  for  F  can  be  obtained  by  simplifying  further 
the  model  in  this  ca.se  of  high  applied  field  and  r»l.  When  r»l  the  spheres  are 
practically  equipotential  and  the  radius  8  may  be  determined  by  the  condition  that  for 
X  2  8,  0;^=  O3  thanks  to  the  Onsager  effect.  This  is  achieved  for  a  local  field  E(x)  =  30 
to  40  kV/mm  which  we  denote  by  E^,.  Inserting  this  condition  in  the  expression 
E(x)  =  UR/x*,  we  obtain  8“  =  UR/En,and  the  force  ; 

F  =  2jiR2  e,.EoE„  (16) 

The  tensile  strength  of  a  chain  of  such  spheres  F/itR^  =  2ElEoE^  gives  values 
comparable  to  those  of  ER  mixtures  in  the  gel-like  state. 
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3.  Large  scale  expcriiiient 

The  interaction  processes  between  particules  have  been  modelled  using  spheres  of 
radius  much  larger  than  that  of  particles  in  an  ER  fluid.  A  first  experiment  aimed  at 
measuring  the  interaction  force  between  a  slightly  conducting  polymeric  sphere  and  a 
metallic  plate'^.  We  report  here  on  results  relative  to  spiiere-sphcre  attnaction. 

3.!.  Experimental  aet-up  and  procedure 

A  set'up  was  designed  (Fig.  2)  for  measuring  the  force  between  two  large  scale 
half  spheres  (R=0.7  cm).  The  test  cell  comprises  two  duralumin  electrodes  9  cm  in 
diameter  spaced  by  1.4  cm.  The  planar  section  of  the  upper  half  sphere,  solid  with  a 
scale  of  the  balance,  lias  been  metallized  and  is  grounded.  The  planar  section  of  the 
lower  half  sphere,  fastened  to  the  lower  electrooc,  is  brought  to  potential  U.  The 
vertical  position  of  the  cell  can  be  adjusted  by  a  screw.  The  two  spheres  being  in 
contact,  the  lower  one  is  very  slowly  sunk  until  the  force  exerted  by  the  balance  causes 
the  spheres  to  separate  :  the  force  is  thereby  measured.  The  sensitivity  of  the  balance  is 
a  few  10  “*  N. 

The  half  spheres  aie  made  of  polyamid  having  a  conductivity  Oj  =  8xl0  '°  S/m.  The 
surrounding  liquid  is  a  mineral  oil  (Univolt  52  from  ESSO)  with  permittivity  Cl  s  2.2 
Co  and  conductivity  s  6xl0'‘^  S/m  at  low  fields.  Adding  the  irctroleum  antistatic 
additive  AOT  to  the  oil  allows  to  be  increased  in  a  controlled  way. 


Fig.  2.  tlxperiiiienlal  scl-up  for  tho  iiieasurciiicnt  of  the  xUriicliun  force  between  two  half-spheres. 
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J,  2.  Force  measuremenis 

Fig.  3  shows  the  attraction  force  F  betv/een  the  two  half  spheres  as  a  fonction  of  U 
for  various  values  of  the  ratio  F  of  solid  and  liquid  conductivities.  For  high  enough 
values  of  r,  the  force  is  proportional  to  U-  for  low  fields  and  to  U  for  strong  fields. 
This  is  in  full  qualitative  agreement  with  Eqs.  (11)  and  (15). 

Fig.  4  shows  the  same  measured  force  as  a  function  of  the  conductivity  parameter 
r  for  different  applied  voltages.  There  appears  a  rather  fast  decrease  of  F  when  F 
decreases  below  10.  This  is  consistent  with  the  first  conclusion  that  the  ER  effect 
requires  to  be  larger  than  cTl-  ^  quantitative  test  of  Eq,  (11)  for  U  =  1  kV  and 
2  kV  reveals  a  fair  agreement  for  F  ranging  from  15  to  50  (see  Fig.  4).  A  good 
agreement  is  also  obtained  between  calculations  from  Eq.  (15)  and  experimental  results 
for  U  =  10  kV  and  20  kV  (F  in  the  range  100  to  2000).  Indeed  these  agreements 
appear  surprisingly  good  if  we  remember  the  rough  character  of  the  estimation  due  to 
the  various  assumptions  and  approximations. 


Voltage  (kV) 


Fig.  3.  Dependence  of  the  uttraction  lorcc  F  between  spheres  en  the  apptii^ii  voltage  U  for  various 
values  of  the  conductivity  r'^tjo  F 
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Fig.  4.  VanatiQQ  of  the  attractioa  force  F  between  spheres  as  a  function  of  the  conductivity  ratio  F 
for  various  values  of  applied  voltage  U.  Dutteo  curves  A  and  D  correspond  to  Eq.  (11),  and  dotted 
curves  C  and  D  to  Eq.  (IS). 


3.J.  Correlation  between  force  and  current 

The  good  agreement  obtained  between  predictions  and  results  suggests  that  the 
basic  approximations  made  in  deriving  Eqs.  (6),  (1!)  and  (15)  are  sound.  Now  the 
current  flowing  through  the  equatorial  plane  sections  of  the  spheres  (Ij  is  easily 
measured)  provides  a  mean  to  test  these  approximations  further.  The  key  variable  in 
the  picture  we  propose  is  the  radius  5  of  the  contact  zone.  Eq.  (6)  expresses  the  force 
in  terms  of  5  :  F  =  neLU^(R/5)-.  Another  basic  point  was  to  state  that  the  conductance 
of  the  spheres  in  contact  is  equivalent  to  that  ot  the  disks  of  radius  6  :  Cj  =  2056.  By 
definition  =  CjU  and  eliminating  5  leads  to  : 

F  =  ditCL  (Os^)"  WVlj-  (17) 

Fig.  5  shows  the  variations  of  F  as  a  function  of  (U'/Ij)  for  the  various  values  of  F. 
Clearly  there  is  a  universal  law,  the  dispersion  appearing  rather  limited  when  we  keep 
in  mind  the  variations  of  F  from  3  to  15(X).  Qualitatively  the  experimental  results  very 
satisfactorily  agree  with  the  prediction  of  F  varying  as  U‘'/Is^  (see  Fig.  5). The  factor  of 
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Fiji,  5.  CorreUtion  of  the  atlruotion  fo^cc  1'  Iwtwcen  .sphcr«.s  with  the  iMprcssinn  (l)^/ls).  Dolteti  lino 
Th  eottesponds  to  Eq,  (17). 

about  5  between  prcdicl'ons  of  13<).  (17)  and  cxjxsriinental  results  can  be  a.scribcxi  to  the 
overestimate  of  the  conductance  of  the  two  half  spheres  when  approximating  it  by  the 
conductance  of  the  disks  of  radius  6.  We  can  conclude  that  this  test  strongly  validates 
the  overall  picture  which  is  the  basis  for  the  force  estimation. 

An  important  consequence  of  this  correlation  between  attraction  force  and  current 
through  the  spheres,  in  D.C.  fields,  is  that  the  leakage  current  is  not  a  ntere  nuisance 
but  a  necessary  by-effect  of  ER  activity.  Indeed  ER  forces  arc  brought  fortli  by  the  vciy 
strong  fields  prevailing  near  the  contact  points  between  particles,  where  tlie  conductivity 
of  the  liquid  is  very  much  enhanced  by  the  Onsager  efiecl.  Tills  requi-es  the  jiarticles  to  be 
even  more  conducting,  and  the  chains  they  build  are  the  channels  of  u  leakage  current. 
Thus,  current  drain  and  heating  appear  to  be  unescapable  consequences  of  ER  activity, 
More  precisely,  it  is  possible  to  derive  a  scmi«quantitalive  relation  bclvvccn  tensile 

force  and  current.  Assuming  tlic  simplified  derivation  of  §2  valid  for  r»l,  we  have  as 
tensile  force  for  a  chain  F  -  2aR^eLEoE|„  and  as  radius  of  the  contact  zone 
5  =  (UR/E,n)'^^.  The  current  flowing  through  the  chain  is  “  UC^  =  2CsU5,  Thus, 
we  obtain  for  the  ratio  F/Ij  : 


F/Is  =  (KllS.)  (EJE„)''-F.„, 


(18) 
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Inserting  Eq  =  3  kV/mm,  =  30  kV/mm  and  as  =  lO'*  S/m  gives  :  F/l^  s  2x10* 

N/A.  For  a  tensile  slrcngth  of  2  kPa  we  find  a  current  drain  of  10‘^  A/m^  or 
0.1  liA/ciir  , 

Finally,  It  is  useful  to  notice  that  a  related  phenomenon  has  been  already  described 
as  “Johnson-Rabeck  effect".’^  When  two  nearly  plane  pieces  of  a  moderately 
conducting  material  are  allowed  to  touch  each  other,  a  strong  attraction  develops  if  a 
voltage  of  a  few  kV  is  applied  to  them.  This  is  due  to  the  strong  fields  appearing 
around  the  discrete  contact  points.  Fully  insulating  plates  give  no  effect,  no  more  than 
metallic  ones.  The  actual  force  was  found  not  to  depend  very  much  on  the  fluid  filling 
the  gap,  air  or  (insulating)  liquid. 

4,  Role  of  surface  conductivity 

In  numerous  electrorhcological  fluids,  the  effect  strongly  dcixmds  on  the  water  (or 
other  additives)  amount  adsorbed  by  the  solid  particles  (this  is  the  case  for  instance  of 
cellulosic  or  silica  gel  particles).  In  some  cases  the  additive  mainly  concentrates  on  the 
surface  and  promotes  a  noticeable  surface  conductivity.  Qualitatively  the  surface 
conductivity  acts  in  a  way  quite  similar  to  the  bulk  conductivity.  We  aim  here  at 
deriving  quantitative  estimates  of  the  attraction  force  resulting  from  the  surface 
conductivity  of  particles.  We  assume  the  spheres  to  be  perfectly  insulating  in  the  bulk 
and  to  have  a  slightly  conducting  surface.  The  spheres  are  characterized  by  the  surface 
conductivity  which  is  the  inverse  of  the  surface  resistivity  Rj  (measured  in  ohms  per 
square). 

The  force  can  be  estimated  in  a  way  very  similar  to  the  previous  case  of  bulk 
conductivity  of  siihercs  if  we  can  express  the  sphere  conductance  as  a  function  of  6. 
With  the  notations  ol  Fig.  6  the  current  flowing  through  a  sphere  surface  is  : 

I  =  2Jr/sR  E’(b)  sin9  (19) 


I'ig.  6.  Dclinition  of  U!>uU  tor  catcuUiin^  the  aUraction  force  between  two  spher&s  with  surface 

conductivity. 
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where  E'(6)  is  the  field  component  along  the  sphere  surface.  (Eq.  (19)  implies  that 
there  is  no  current  escape  through  the  liquid).  The  variation  of  this  field  is  : 

E'fO)  s  (U/R)  /  sine  =  Eo  /  sin9  (20) 

Integrating  (19)  between  0^,  =  5/R  and  7t/2  and  approximating  tg(5/2R)  by  (6/2R)  give: 

U-V(0J  s  RE„  ln[(2R/6)]  (21) 

with  U  =V(7c/2)  =  RE(,  (the  contact  point  is  at  the  potential  V(0)=0).  The  conductance 
of  the  sphere  is  C^,  with  :  =  1/[U-V(G(,)].  Using  (19)  and  (21)  we  obtain  for  the 

conductance  of  the  two  half  spheres  : 

C's  =  7tYj./[lu(2R/5)l  (22) 

Balancing  this  conductance  with  the  liquid  conductance  given  by  Eq.  (9)  leads,  in  tlie 
low  field  case  to  : 


ln(R/6)  =(lV2a)''^  (23) 

which  defines  8  (here  a  =  lnt2R/8j/ln[R/6]  and  Tj  =  Yj/U^Ol)).  Applying  Eq.  (6) 
finally  gives  the  attraction  force  ; 

1-  =  4nR-eLli„-cxp[(2IV«)''-]  (24) 

Note  that  the  exponential  dependence  on  I  's  is  not  really  significam  becau.se  Eq.  (24)  is 
only  valid  for  low  airplied  fields  (and  low  force  values). 

For  high  applied  fields,  the  field  enhanced  di.ssociation  has  to  be  taken  into 
account.  From  Eqs.  (22)  atui  (14)  one  obtains  : 

R/b2[lv(2E„)l''-lnlc  F,(2i:.,/E,)''-|  (2.'i) 

F  -  u,  E„E,  {Inlc  F,  (2E,/E,) ■'-]}-  (26) 

with  c^S/tali)  and  |)  =  [ln(R/5)j/(R/S).  Eqs.  (24)  and  (26)  are  very  similar  to  Eqs. 
(11)  and  (15),  both  the  quadratic  and  approximately  linear  dependences  being  again 
obtained.  In  12q.  (26)  the  dependence  on  differs  from  the  one  on  F  in  Eq.  (15)  by  a 
factor  which  should  remain  of  the  order  of  ! , 

S.  Conclusion 

Measurements  of  the  attraction  force  between  two  weakly  conducting  spheres 

performed  on  a  large  scale  model  confirm  the  analysis  based  on  the  picture  of  electric 
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field  and  interfacial  charge  distributions  being  controlled  by  the  conduction  properties 
of  both  media  and  not  by  their  permittivities.  Under  D.C.  (and  loa»  frequency  A.C.) 
fields  this  has  been  clearly  shown  for  non  polar  dielectric  liquids.  In  this  case,  the 
quasi-linear  increase  of  the  force  for  high  applied  fields  rcnecls  the  importance  of  non 
linear  conduction  processes  in  the  liquid  phase. 

The  analysis  of  the  field  distribution  and  resulting  attraction  force  for  sph.eres, 
characterized  by  only  a  surface  conductivity,  immersed  in  a  non  polai  dielectric  liquid, 
leads  to  very  similar  laws,  quadratic  and  quasi  linear  in  H„.  This  shows  that  the  sphere- 
sphere  interaction  is  not  very  sensitive  to  the  details  of  the  conduction  mechanism  of 
the  spheres. 

This  conduction  model  has  now  to  be  tested  in  the  conditions  of  fiR  fluids.  This 
implies  to  relate  theoretically  the  global  propcttics  measured  on  the  fluid,  the  yield 
stress  for  instance,  to  the  interaction  force  between  particles.  It  will  presumably  also  be 
necessary  lo  address  the  question  of  applying  or  adapting  the  present  model  to  the 
conditions  prevailing  for  particles  of  micrometer  size.  Nevertheless  a  very  encouraging 
indication  on  the  pertinence  of  the  present  conduction  modei  was  recently  obtained  for 
a  particular  ER  fiuid  (cellulo.se/mineral  oil).  The  static  yield  stress  cxliibils  a  quadratic 
dependence  on  E„  at  low  applied  fields  and  a  linear  one  for  E„  S  3  kV/mm'’. 

In  conclusion,  it  aiipears  tliat  linear  and  non  linciir  conduction  properties  of  the 
suspensions  must  be  taken  into  account  in  order  to  progress  in  the  uiHlcrstandmg  of  tlie 
basic  mechanisms  at  work  in  ER  Huids, 
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Theoretical  Analysis  of  Fiolti  Induced  Structures  in  ER  and  MR  I'Tuids 


G.  Bossis,  II.  Clcrcx*,  Y.  Grasselli,  E.  Lcinalrc 
Liiliorutoil'c  dc  I’liysieiuc  do  lii  Matieiv  Coudeiisc(! 

Uuiversite  dc  Nice  Sophpis  Anlipoli.s,  Parr  Valrosi-,  001(18  Nir<‘  C'cdcx  2 

ABSTBACT 


rix'  proportii's  of  K)i  ru<|  MI{  .•difipoiHiniiK  .'in*  by  Ihf'  fif  lh<‘ 

St  rtict  tirf*  Iniilt  niititir  t)u>  RpplicRLion  c)f  ,tu  I'tiM  lri*;  (r<'H|>4‘r lively  iiuighclic)  HuUI.  Wo  prf'siMil  ii  griRT.i) 
iiiiiltipoliii'  MX'lluxl  which  ulloWK  lo  olttRii)  (.ho  slroKH>K(r:uii  nirvc  for  any  Hhoarix!  '[Ins  i.s 

applit'd  lo  inliiiilo  porioilic  i-lnnns  of  splnTo.s  arraiiKod  on  tlinx*  (lilloronl  laMx'o.s:  mnipli*  rnliif. 
KtiMpIr  lii'xrt>'oiml  (uni  body  oniUorod  U'ira^^otial.  '['ho  prodirii-d  yitdd  siroHst's  and  nlioiir  niodnli  ar<' 
<'oiiiparod  (o  tlx'  prodiclioiiH  nf  Kiiiipji'r  ino<b-lH  nivoivni^  inloruclioiiK  Ih'Uvoi  ii  two  or  ihn’o  parlndi'a. 

I’hi'  field  imhit'«'(|  st rucliirt's  cxporimentally  oliHtnved  fdiow  ihai  ihe  rhuins  t)l  spheres 
ihiik  eoluiMlis.  we  proHeuL  a  model  wliirh  alltiWH  fo  eulnilnle  llx*  <liam«*ief  of  ilx'HO  iijy^rogates.  at 
leiiai  for  MM  Ihiids,  on  tlio  IxwiN  of  a  hiitnim/alion  of  the  free  onerKy 

l-j.nj:hgi>ugtlojn 

1  he  growing  mii.'rc,si  in  clcctrnrhctilugical  and  inagnciorhculogical  llnid.s  hits  inouvau  d  a  new 
I'c, search  which  aini.s  Ui  prcdici  die  changc.s  of  siruciurc  and  nf  rheological  propcriics  of  a 
•sitspcnsion  which  i.s  .suhinilicd  Ui  an  c.sicrnal  field  I  llic  duiining  of  die  panicles  .nid  (he 
['ha.se.  .sepaiiumn  which  arc  tine  lo  iUtraclivc  forces  he.lwccli  die  dipoles  imhiccti  on  each  solid 
p.irliclc  hy  die  c.slcriuil  lickl,  is  al  die  lican  of  die  B.R  or  M.K  effect.  Il  .scents  re.i.Minahlc  m  ihnik 
dull,  di'pendni)'  mi  the  precise  inicro.scopic  arrangenieiu  heiweeii  the  pardeles,  we  could  have  laige 
ihllerence.s  in  ihe  niacro.scopit  properlies  of  iini'rcsl  .sncll  as  I'lC  ilicleelrie  pennillit  ilv,  Ihe 
coiulnclivily.  die  shear  iiiodiilns  or  die  yieltl  slie.ss  of  die  Mtspension.  'IT.e.se  two  prohients  .  die 
pi eiliflioii  ol  die  liehl  iiiduecd  slriitiiire  ainl,  for  .i  given  siriicuiro,  die  predieiion  ol  die 
niacioscopic  piopeines  ,iie  i.iekleil  in  ihi.s  |>apei.  We  shall  hej'in  hy  die  pie.sentilirii  ol  ,i  iinnieiUMl 
ireaiiiieiu  ol  eleeiiosiaiu  iiiicraclitiiis  heiween  spherical  pariieles  winch  .ilh  u  .  lo  ...iknl.iie  die 
dieleciiic  perimiiniiy  aiul  die  cleeiiosliiiie  forces  loi  eidiei  a  fiiiiie  or  an  iiii.e  pm huIk ,iilv 
replieaied-  .sol  ol  .spheres.  Ihen,  in  .seeiioii  111,  we.  .shall  pre.seni  .some  ri  snll.t  oniioned  wiili  ihi . 
inediod  for  two  aiul  diiee  spheies  ami  in  seedon  IV  the  shear  modulus  and  ihe  yield  Miess 
piedieieil  lor  ilillereiu  lainee.s  In  die  la.sl  .section  we.  .shall  pre.seni  .i  model  which  amts  to  pieihci  lit 
si/.e  ol  the  eohinniai  aggregates  lormetl  at  etjuilibnum  in  the  pre.seiiee  of  a  magnetic  field.  Hits 
study  IS  only  tle.voied  to  slruclnral  nUHlel.s  which  do  not  depend  on  the  pie.senee  of  a  now  .  i-iott 
indnecd  .slrueitires  are  heyoiui  the  .seo|)i'  of  ihts  paper  hut  are  ofeour.se  very  iniporiam  to  know  it 
we  want  to  he  aide  to  understand  pheiioniena  like  hy.sterests  or  slow  drill  of  iheolopjeal  propeiiies 
15).  |6|. 
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Fig.l.  ReprcaenUlion  of  iwo  spheres  i  and 
j  with  the  notation  used  for  their  respective 
coordinates. 


Fig.2.  Three  spheres  initially  toiicl]ing  .mil 
moving  along  the  velocity  lines  in  i  shear 
flow.  The  maximum  of  the  restoring  force 
Fr  on  the  particle  I  as  function  "f  llie  angle 
0  is  calculated  exactly  and  with  w  pair  super- 
poeition  approximation. 


a 

Fig.  3  :  •  •  •  :  tnaxiinum  restoring  force  acung  on  particle  I  calculated  witli  three  panicle 

iiileracUons  vcrsu.s  the  ratio  a  =  £p/ep. 

0  0  0  idem  as  but  calculated  with  a  sum  of  two  panicle  interactions. 
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!l  NU'l  rlPO! -AK  APl'KOArHOI-l-.l.F.Cn'RO.STATlC  INTERACTIONS 

W  '  i  nnMi.li’r  :i  .nsiu'TisioM  ol'  iiuinodispcr.sc  solid  spiicics  cliaractcriicd  liy  a  die Icc trie 
['C'linliiMiy  I’l,  sus|iriHli'(l  iii  a  Huid  of  pcriiiiitivily  e|-.  The  poiai'i/.aiion  is  supposed  lo  respond 
insianumcously  lo  ilie  applied  Held  or  in  oilier  words  we  do  not  eonsidi  '  ■  polari/.aliun  itioehanism 
whoso  oliarai  lei  isiH  response  lime  eould  be  larger  lhan  ihe  inverse  of  die  frequency  of  ihe  api  ,  I 
I  lelvl  i  nMlieiinore  e  do  noi  consider  ihe  exisienee  of  cuiTenLs  or  of  inierfaeial  polari/.aiion  due  lo 
.1  non  zero  e  -nilnoin  iiv  of  Ihe  solid  or  of  ihe  liquid  phase.  The.se  condilions  apply  prineipiilly  lo  ll'.e 
eaiegorv  ..i  I  i'.  ihuds  liased  on  a  large  elceironic  polarizabilily  of  the  eonsiiluenl  panicles  and 
aeied  on  by  elooiiie  fields  wiiose  frequency  is  high  enougli  (>  10^  -  10-^  Hz)  lo  neglecl  ionic 
polaii/aiion  and  ch.irgc  accninulation  on  ihe  elecirodes.  On  die  olher  hand  ihis  model  afso  applies  lo 
inagnciic  111-  Is  ui  so  i.n  .is  ihe  magnclic  perineahiliiy  does  not  vary  loo  much  wiili  ihc  iiuensily  of 
Ihe  mngiieln  Held.  I'his  is  usually  ihe  case  al  low  magnclic  fields  (<  10^  Oy)  hui  even  if  lliis 
coiuhiion  IS  iioi  iiiii\  respected,  the  predictions  ha.sed  on  a  consiani  magnetic  pcrineatiilily  are  Mill 
IP  v.ood  .p'leemeiii  wiili  some  maero.seopie  expeiinienls  tin  steel  spheres  17], 

I  111'  pi  ol'i"ni  lo  n|ve  is  ilien  to  fiiid  the  .soluiioii  of  the  Laplace  equation  for  the  poiemial  it'd') 
wiili  ihe  .'ppiooiMieil  houiidary  conditions  on  the  surface  Si  of  a  referenee  .sphere  i  Cel'  fig.  1 ).  Let 
us  call  Oil/  die  p'lieiiiial  inside  the  parliele  i  iliul  (limn  the  poiemial  inside  ihe  liipiid  phase, ilieii  we 
innsi  li,i\,' 


V  -  <|i  CD  =  0 


(1) 


ly  ,1,  ir,)  ,  with  r|G  Sj 


l2) 


.11, 


di'i 


wuh  rj  €  Sj, 


wlit-i i'  (/  .  1  [1  / 

1  ho  !'rnoi‘:il  .suluiiun  Ciin  bc  CNpiuidctl  in  splicncal  harmonics  : 


i’n'seiit  iwl<lrep«:  DopavlmnnL  of  I’hysics,  Kniclhovcn  UniverHily  uf 'IVclmology.  I’.  O.  iJox 
50UU  MH  Liadliovon,  'I'iic  NeLiierUnds 
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<1)|„  (rj  )  =  \)/j  ♦  ([Iq  (r|  )  +  ^  P|[ji  r|  Yim  (Bj  ,  <t)j  ),  (3) 

1  >0 
m 


Vi^toCri  '  +  X  Y|,„(ei  .  4)j), 

1  SO 
in 


1=^1  ISO 
m 


The  I'unclioii  VI  +  (p(,  (rj)  =  -  Eq.Ri  -  Eq  .  r,  rcprcscnia  the  poieiitia]  of  the 
cxicmal  field.  I'lic  vector  K|  rcfcr.s  the  po.sitioii  of  the  centre  of  the  particle  i.  The  quaniiiic.s  Q'jfj) 
are  the  imiltipole  momenl.s  of  tlic  charge  clistrihulion  p(r)  iasidc  the  particle  i,  clefined  in  the  usual 
way  : 


QU 


'>'im  (0  PlrldV 


(S) 


with  Vj  ihe  volume  of  the  particle  i- 

'fhe  difficulty  iii  apply  the  boundary  conditions  (2)  with  the  equations  (3)  (4) 
conies  from  the  part  of  the  solution  in  (4)  which  is  expressed  relatively  lo  the  variables  i  j,  Bj,  ((ii 
derincd  in  the  frame  of  each  panicle  j  (see  fig  I ).  Some  piv.vioiis  solutions  to  llu.s  problem  have 
been  worked  out  in  specific  cases.  Klingenberg  [8]  has  obtained  a  numerical  solution  for  two 
spheres  hot  its  method  was  not  cimipulatinnally  u.sable  for  high  values  ol  rx  (  a  >  10)  when  Ihc 
particles  are  in  or  near  coiuaei  Chen.  Sprecher  and  Conrad  [9]  have  solved  for  the  radial  forec  on 
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j  sphere  inciudod  in  a  chain  nl'splieies  parallel  to  the  direction  ortiic  field.  This  ca.se  is  much  casici 
to  solve  due  to  the  symmetry  axis  which  allows  to  neglect  ihc  a/imiithal  angle  tp. 

Our  aim  is  to  extend  the  multipolar  method  to  a  general  configuration  of  N 
spheres,  either  isolated  or  replicated  on  a  network,  with  the  po.ssihility  to  take  into  account  a 
multipolar  degree  ( indicc  1  in  Q|m  )  us  high  as  IWK)  without  numerical  problems.  The  method  is 
detailed  in  Clercx  and  Ilo.ssis  1 10|  and  we  .shall  only  give  here  the  main  idea.s.  First  the  change  of 
referential  from  particle  i  to  i  in  (4)  is  obtained  with  the  help  of  the  llohsoir  relation  [see  for 
instance  ref  1 1 1  |). 
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M 


ii 

Ini  ;  St 


=  C 


Yl 


S,  111  - 1 


(^ij'ili 


R 


I  +  s  I-  1 
ii 


(7) 


where  0  is  an  other  iiumcrical  constant  |  HI].  It  appears  that  the  use  of  Ia|  (fi)  allows  to  isxprc.ss  the 
lioicmial  on  the  .surface  of  the  sphere  i  with  only  the  vaiiahlc.s  rj.  (ip  qi,.  relatively  to  the  I'cfcivnlial 
of  the  particle  i.  The  price  lo  pay  is  the  introduction  of  a  new  .sum  of  spherical  hanmmics  (la|  7) 
which  only  depends  on  the  relative  positions  of  the  cciUrcs  of  the  particles  i  and  |  [vector  R|| 
defined  by  Rjj,  pji  in  the  frame  of  the  particle  i). 

With  the  u.sc  tif  this  relation  in  Ft)  (4)  it  is  llicii  po.ssiblc  to  imilliply  each  side  of  (2)  by 

Ypij  (Oj.  <Pi  )  and  to  inlcgralc  on  the  surface  of  the  particle  i.  In  that  way  the  lioundarv  eoiidiiions 

lead  to  a  .set  of  linear  cijiiations  who.se  general  form  is  : 
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wiili  every  E|  =  (0,  Ey,  and 


Qi  =  (  Oim  ;  1  S  t>.  liiJ  SI  1 

reprexems  ihe  sei  orniullipnles  heUingnig  to  Ihe  parliele  i.  In  the  rolhiwing  we  lake  Qyy  0  :  no 
global  eliarge  on  the  pariieles:  Tims  die  mairix  Z.  whieh  depends  only  on  die  lol.Uive  positions  ol' 
the  N  panicles,  has  the  dimensions  L  (L  +  2)  N  where  L  is  the  lerger  value  ol  I  used  in  the 
ealeuhis.  The  linear  sy.stein  is  nunierieally  solved  and  we  obtain  the  npole  M®  on  each  panicle  a 
which  is  related  to  the  first  nudlipolc  as  follows: 
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(  -  M,  +  i  My) 
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Actually  the  linear  system  is  not  solved  tinder  the  forin  pre.scntcd  in  (X)  hut  rather  we  have  used  llie 
variables  (A®||„  )■*■  and(A®||,|)'  which  are  icspeciively  proporiitnial. 
to  (Qj*,  +  C-l)"'gp.,n)  and  Wft,  -  1  )"'Q^  .„  ) 

The  physical  meaning  of  these  new  variables  is  more  obvious,  (for  instance  we  sec  that  each 
component  A  +  k).  A+  [  i  or  A"  [.  i  is  respectively  proportional  to  M  j,  and  My)  and  above  all 
their  u.se  siinplifcs  the  luiinericul  calculus. 

At  last,  belore  to  look  at  some  results,  it  remains  to  deal  with  lalliees.  In  that  ca.sc  each 
component  of  the  eonfigoralion  maiiix  (Eq(X))  contains  infinite  sums  over  all  the  replicaes  of  the 
liartieles  conlained  in  tiie  unit  cell,  riiesc  sums  over  the  lattice  .sites  {  L}  ap|x-ar  as  : 
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I  Milma 

j  L  L 

and  an:  sums  over  spliciical  liarnuHiics  divided  by  (Rij)*’*'-'’''*  with  I  SI  and  s  SI  (d'  liq.  7).  An 
clficicnl  way  ui  ealculali'  iliesc  sums  consist  to  separate  them  into  two  last  convergini;  simis,  one  in 
the  real  spaec  and  the  other  in  the  reeiproeai  spaee.  1  he  applieatioii  of  this  lechnit  -known  as  l  iwald 
sum-  to  the  solid  spherieal  harmonies  appearing;  in  Eq.(7)  has  been  treated  by  Nijboer  and  de 
Wettc.  both  in  the  ease  of  eon  verging  sums  1 12|  and  eonditionally  eonverging  sums  (I  =  1 ,  s  =  1) 
1 1 .1] .  We  refer  the  reader  to  these  two  pa|x.‘rs  for  the  lattice  sums  of  long  ranged  interaetioiis. 


111.  RF..SULT.S  FOR  A  TIIW  S1>1  ll'KIiS 

If  we  want  to  piediet  the  .shear  stre.ss  as  funetion  of  the  .str  ain  in  the  incsenee  of 
an  electric  field  we  need  to  .specify  the  positions  of  the  .spheres  at  /ero  deformation  and  then  we 
have  to  do  an  hypothesis  tm  the  way  the  spheres  are  moving  when  submitted  to  an  exiei  nal  stre.ss. 
The  referenee  model  consists  of  chains  of  spheres  which  are  aligned  on  the  direction  of  the  field 
and  then  sheared  affinely,  the  trajectory  of  each  sphere  following  the  velocity  lines.  Using  this 
structural  model,  Klingeiiberg  et  al  1 14|  were  able  to  ealeulaic  the  yield  .stre.ss  on  the  basis  of  a 
numerical  .solution  of  a  iwo-sphercs  model.  Indeed  if  we  as.sumc  that  only  the  interactions  helween 
two  neighbouring  .spheres  are  important,  then  the  electrostatic  lestoring  ftiree  (perpeiulieular  to  the 
field)  cancels  on  each  sphere  except  on  the  la.sl  one  which  is  suppo.sed  in  he  fixed  on  the  upper 
plane.  They  write  for  the  rcsloring  force  I',-  (sec  fig.  2)  as  runclion  of  the  angle  0  : 

(2)  2, ,2  2 

It  =12  71  CoE|.;i  [3  Ifli  C') 


l‘'[(f//+  lj-).si 


ill  71) 


The  i)u,nUilies  f//.  ,  f_L  are  .SvMie  functions  of  the  nonnahcOil  distance  r/a 

between  the  spheres,  and  of  «  .  The  re.storing  force  is  pi oportior.al  to  the  si.|uaic  of  the  latlius  a  of 
the  p.iiiiclcs  aiul  to  the  .sipiarc  of  the  electrie  licld.  li.  fhe  she.n  Mie.ss  bii  a  given  angle  0  is  the 
product  of  the  luimhei  of  chains  per  unit  .siirf.iee  nuilliplicd  by  1-,I“I  : 
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l  oi  CDiuliK'livo  .s|ilicrc.s  .ihc  Ibrcc  in  lii]  ('))  (livcrj;cs  when  the  panicles  come 
uKo  conUiet  aiul  llie  iiuilliciolai'  appidach  will  i'ail  for  r=2a.  In  tins  ease  the  uiialyiical  expressions 
for  f//^  !']■  ami  fj  have  been  ehlained  hy  Arp  ami  Mason  |  I.S|  followiii};  an  analysis  ilone  by  M.l  1. 
Oavis|  lfi|  in  bisplte.ieal  eooriliiiaies.  I'or  instance  they  ohlain  lot  6  =  r/a  -  2  I  the  followinj; 
expression  for  I'// : 
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For  5  2  lO"'!  this  expression  yis'es  I'//  =  587.42.  raking  (’ilK)  imillipoles  in  our  development,  we 

obtain  I'//  =  .587.25  which  is  in  fair  agreement  with  tlie  value  obtained  from  (11),  V/e  liave  also 
been  able  to  extend  ilie  results  reported  by  Klingenlierg  to  higher  values  of  (x  and  closer  distances. 
For  instance  for  tx  c  1(X)  we  have  a  converged  value  at  eontael :  f//  (r  =  2)  =  182.2. 

In  order  to  test  the  hypothesis  of  additivity  of  pair  imeraclions  which  is  u.sed  in  lirpl  10)  we 
have  compared  ib.e  cases  ol  two  and  three  .splioies.  The  interesiing  tpianiiiy  to  eoinpare  with,  is  ilie 
inaxinmin  of  the  reslui  ing  l  orcc  ,1'|„  .as  luntiion  of  the  tielbrmiilion  y  igH,  since  this  imiximiiin 
is,  in  the  chain  model,  related  to  the  experimental  yield  stress  liirough  I’.ii  (ID).  Lei  us  call  l'l-^\n 
the  maxiinuin  ivslonng  loive  calculated  wnli  the  muhipohir  approach  applictilcd  Ui  .5  spheres  in  an 
external  field  and  l  the  force  oliiamed  hy  .uUliiig  separately  Ilie  imeraelion.-,  helween  i  and  i 
and  lielween  i  and  k  alone  (pair  superposition  approximation)  (ef.  Fig  (2)).  'I  hc‘.,se  two  lorccs. 
ohlained  for  an  iilfine  deformation  are  plotted  m  Fig.  (5)  versus  the  ratio  tc  of  the  pen;  uivnies.  It 
appears  than  the  "exact"  force  is  alw.iys  larger  lhaii  the  one  obtained  with  a  two  body 
approximation.  For  n  -  100  the  r.ilio  l  l8)/|  (2)  l  .fi, 'nic  limit  of  this  ratio  when 

a.  — >  0-1  can  lie  .slmlied  hec.m.se,  even  if  the  force;,  hecoinc  very  large,  then  ratio  rcm.'.ms  liinie 
anil  .seems  to  eonveige  to  1 ,9.  'I'liis  value  is  to  be  laken  cautiously  but  m  any  ewni  it  iiulicaies  ili.ii 
the  two  body  .siipei|iosilioii  approximation  .strongly  uiulcresliniales  Ihc  yield  stress.  It  is  worth 
noting  that  this  result  is  not  completely  iniiiilive  .since  wecouUl  e.xpect  that  the  .sirongei  the  lield 
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iiisitlc  tlic  gup  hctwcen  iwo  splmics  liic  less  it  will  be  iiiniicneed  by  the  piesence  ul  the  third  one. 
Aetuully  the  mutual  atli  aclitm  between  opposite  induced  charges  in  one  gap  conlfibuies  to  leiiirorce 
the  opposite,  charge  on  the  opposite  pole  of  the  central  particle  .  which  in  turn  will  increase  the 
allraction  with  the  third  particle.  This  important  effect  of  tlirec  body  interactions  indicates  that,  in 
or'ler  to  have  a  reliable  reference  model  for  the  sliess-.strain  Ixthavior  of  ER  of  MR  (luid,  it  is  liellcr 
to  svork  svith  infinite  chains  of  spheres  dispo.sed  on  some  given  lattice.s. 


iv.snuAREip  LATna;^ 

The  study  of  the  dielectric  permittivity  of  dielectric  spheres  located  on  the  nodes 
of  a  cubic  lattice  has  been  addressed  by  several  authors  1 17|  1 1 8]  1 1*1]  with  different  methods, 

We  have  tested  our  multipolar  method  against  the  available  results  and  found  a 
good  agreement  1 10]  ,  The  calculus  of  the  effective  permittivity  of  a  regular  aiYangemem  of  spheres 
is  not  only  itnportaiu  for  the  determination  of  the  electrical  properties  of  the  inaic’  ial  hut  also  for 
the  doierminatitm  of  its  mechanical  propertie.s.  Actually  due  to  the  inversion  .symmelry,  the  force 
on  each  sphere  i.s  zero  for  an  infimto  lattice  and  we  can  only  get  the  stress-strain  relation  through 
the  derivatives  of  the  electrostatic  energy.  In  a  real  e.x|K'riment  of  course  Uic  Uanslutional  invariance 
is  broken  by  the  wal's  of  the  coiuaincr  and  the  force  does  not  cancel  on  the  last  layers  of  particles. 

'1  lie  stress  calculated  from  the  forces  on  a  finite  system  and  the  one  obtained 
from  the  eleciroslatie  energy  of  an  inlinite  lattice  will  only  differ  by  a  surface  term  in  the 
elecirosiaiic  energy  whu.se  impuriance  decrca.scs  as  a/I,  where  1.  is  the  ihiekncss  of  the  sample. 

We  determine  the  effective  penmiiiviiy  ten.sor.  fi.if .  of  the  suspension  from  its  definition  : 

F  ,ir 

.  1)  .  E  =  a  It  r  (12) 


Where  E  is  the  Maxwell  field  and  P  =  iVi/V  is  the  average  polan/ailion.'llic  total  dipole 
M  of  die  unit  cell  is  obtained  from  the  solution  ol  the  .set  of  linear  eipiaiions  (el.  Hq.  (X)).  Alter  a 
partial  inversion  giving  the  liigher  nuillipolcs  as  fiinciinn  of  the  dipoles  we  obtain  ; 

()a^I-:  =  C.M  (l.fl 
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The  Held  which  imoi  vcnes  in  ihis  Iasi  ciniation  is  ihc  Maxwell  lield  E  and  nol  die  cxiernal  Held  Eo 
which  appears  in  the  loll  hand  side  of  Ilq.  (8).  The  dilTcrenco  belweeii  ihe  two  fields  einiies  fiiini 
the  condilienally  eonverpenl  sums  which  have  heeii  iransrerrcd  from  ihe  righl  hand  side  of  Eq.(8) 
to  ihe  left  hand  side  in  order  to  write  Eq.(13).  The conihination  of  Eqs.  (12)  and  (Li)  gives  : 

=  1  +  2  1)  C'  (14) 


C  is  a  eonfigtiraiion  dependent  matrix  which  does  not  eontain  the  eondilionaliy  convergent 
comnbution  to  the  lattice  sums  and  0  is  the  volume  fraction  of  spheres. 

The  lattices  we  have  mainly  studied  are  conipo.sed  of  ehain.s  of  touching  spheres 
along  the  direction  of  the  field  (Z  axis)  and  the  projection  of  lhe.se  ehain.s  on  the  perpciulictilar 
(OX.OY  )  plane  is  either  a  square  lattice  (Fig.  4  A)  a  triangular  lattice  (Hig.  4  U)  or  a  more 
complicated  paiicni  (Fig.  4  C)  where  the  grey  and  black  .spheres  overlan.Tlic  variation  in  volume 
fraction  is  obtamed  by  changing  the  spacing  between  the  ehain.s  in  the  OX.OY  plane  ;  we  have 
represented  in  Fig.  4  the  clo.se  packed  situation.  In  the  pattern  of  Fig.  4C  Ihe  grey  ehain.s  are 
shifted  by  a  radius  in  the  Z  direction  :  a  .side  view  of  this  figure  either  along  X  or  along  Y  would 
give  the  triangular  pattern  of  Fig,  4  li  •,  this  lattice  known  as  the  BCT  lattice  ha,s  been  demon.straicd 
to  he  the  more  stable  one,  for  a  lattice  of  dipoles  ( 1 ).  On  tlie  oilier  band  for  comiuctive  splieres 
Davi.sl221  ha.s  shown  that  the  three  lattices  had  the  .same  energy  per  particle.  VVe  have  calciiiaicd  the 
exact  peimittiviiy  for  a  clo.se  packed  BCT  lattice  with  the  inuUipolai  approach  for  rt  iK'twecn  1  and 
iOO.  These  rc.-.ult.s  for  the  pcrmiiliviiy  are  compared  with  the  ones  ohtained  in  the  dipolar 
approximatii.n  iti  fig.  5.  Wc  sec  that  for  high  values  of  a  the  effect  of  higher  miiliipoles 
considerably  iiv  rea.scs  the  value  of  the  pormiitivity.  lltc  .same  cITcci  occurs  lor  other  lattices  and 
finally  tlic  con'  lusion  that  the  LlC'f  lattice  is  the  more,  stable  remains  valid  but  the  dilTerenee  of 
energy  per  parlii  le  between  the  FCC  and  llic  BCT  is  much  lower  than  in  the  dipolar  approxiiiiulion. 
For  inslanec  fo.  re=  KKI  we  have  (Wp,;i /W|(.^.)  gip  =  l•B82  but  (W|,|_.| /VV|^.^.)  =;  1.01)8, 

Let  us  now  eome  buck  to  the  sirc.ss-.sii  aiii  curve  for  lattices  of  cliaiiis  of  .spheres. 
We  can  shear  with  the  dispiaccmcnl  of  each  plane  in  Ihe  X  direction  inerea.smg  linearly  with  the 
di.sianec  along  Z  (  F'or  the  BCT  lalliee,  due  to  the  imhrieaiioii  of  the  ehains.the  lattice  can't  be 
shearetl  alTmcly  in  the  X  direction;  the  easier  dirccuon  of  .shear  is  at  an  angle  of  45"  relatively  to  die 
X  or  Y  :ixis  and  even  in  this  direction  a  coniimious  affine  deformation  is  nol  po.ssihle  for  0  >  71/0 
|2 1 1).  Tlie  eluuige  of  eleelrosialic  energy  with  tlic  .sliain  y  is  given  by  : 

W  (y)  =  •  E  .  f  .  E  -  •  i  i;,,.(y)  F:2 
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1  he  clccirostalic  eiicrj;y  is  eahilalcd  lor  (lirt'erenl  .*:iruiii.s  ol‘  (he  latiiccs  then  a  Hrsi  lumicrieal 
diffcrcmialion  jiives  ihc  shear  siress  :  x  =  <)  W/  d  y  and  a  sceond  dilTcreiuialion  gives  the  shear 
modulus  :  G  =  ( <)  x  /  d  7)  y  =  0 

Previous  ealeulalions  ol'  the  shear  modulus  <m  a  simple  cubie  lattice  have  been  done  by  Davis  |20] 
with  the  help  of  u  finite  element  method.  Instead  of  a  .sheaied  lattice  they  took  only  the  "stretching" 
component  of  the  shearing  motion;  it  allows  to  keep  the  cubic  symmetry  atid  so  to  decrca.se  the 
computational  time  .  We  have  found  that  tlie  stretching  approximation  bccomc.s  accurate  for  a  >  1(1 
;  nevcrtlieless  the  size  of  the  mesh  taken  in  [20]  for  the  finite  element  mctliod  was  loo  large  for  a  > 
in,  resulting  in  an  underestimation  of  G  which  grows  with  a  (already  by  a  facU)r  of  2  for  u~2  0) 
[21],  noimecaze  and  llrady  [171  have  also  addre.s.sed  this  problem  for  a  configuration  where  the 
chains  were  touching  in  the  y  direction  and  for  different  spacing  m  the  x  direction.  Their  method  is 
similar  to  the  one  used  for  hydrtidynamic  interactions  in  Stokesian  dynamics  |2.2|  :  an  exact 
soiution  for  the  three  first  multipnles  and  a  pair  .superposition  for  higher  mulipole.s.  A  conipansoii 
with  their  results  and  an  extensive  calculus  of  the  variations  of  G  and  with  the  volume  fraction 
for  different  lattices  will  he  reported  in  a  forthcoming  paper  |211.  We  want  here  to  focus  on  the 
eompari.son  between  the  two  spheres  model  of  Klingeniterg  and  the  lattice  chain  model. 

Tile  two  important  qtianiitios  ;  the  shear  modulus  G  and  the  static  yield  .stre.ss  Xx  (normali/.cd  by 

2  Gy  Cp'  )are  plotted  versus  the  volume  fraction  respectively  in  Fig.  6  and  in  Fig.  7  lot  a  ratio 
of  the  iKtmtiilivities  a  =  10,  The  .strain  is  in  the  X  direction  for  the  SC  and  SI  1  lattices  (Fig  dA  and 
4B)  and  midway  helwecn  the  X  and  Y  axes  for  the  HCT  lattice{Fig.  4C).  The  straight  lines  in  both 
figures  represent  tlte  prediction  of  the  two  spheres  model  which  .by  construction  (addivity  of  the 
effecLs  of  each  chain),  .scales  linearly  with  the  volume  fraction.  For  the  two  .spheres  model  the  value 
of  0  is  obtained  from  die  derivative  of  the  restoring  forec  relatively  to  the  strain  at  .small  value  of  y. 
Three  things  are  worth  noting  on  tlie.se  phits  :  firstly  the  three  latiices-excepi  tlte  13CT  lattice  above 
4)  =  C).4,S-  give  similar  values  for  G  as  well  as  for  which  means  that  the  mechanical  properties  are 
more  .sensitive  Ui  the  mini  her  of  chains  per  unit  .surface  than  to  ihcii  precise  relative  positions  in  the 
XY  plane.  Tliis  is  not  line  for  BCT  lattice  at  high  volume  fraction  hccau.sc  of  sicric  liindrancc 
which  occurs  at  low  .strain  when  the  volume  fiaclioii  incica.ses.,Seeoiidly.  die  yield  .stress  and  the 
sliear  iiioduliis  inereasc  almost  linearly  with  Ihc  volume  fraction  and  this  linear  behavior  is  still 
more  evident  at  higlier  values  of  a  -  (always  with  the  exception  of  BCT  lailicc  lor  i|)  >  ().4.S). 
Thirdly  tlic  two  body  approximation  largely  imdcrpredicis  the  values  of  X's  ami  G  and  this 
difference  is  found  to  inen’.a.se.  when  we  iiicrca.se  a  .  f'or  insiaiicc  with  a  =i0  we  obtain 

/  (x,;)2splicrc.s  =  I y„j  a  =20  /  (Xs)2sp>'m-es  =2. 1 . 

it  is  interesting  to  note  that  the  linear  hcliavioi  with  (|i  and  llic  ah.sciicc  of 
sensitivity  to  the  prcci.se  structure  indicate  that  we ,  n  re.i.son  only  with  unidiniensional  chains  of 
.spheres  hut  th;u,  in  this  chain,  a  large  inimher  of  p,ii  tides  iiiusi  he  taken  into  account.  For  mslance 
wiiha=IO  (xd''"‘‘‘^‘^/ =1.6  whcicas  (Xs)-'P'’^'“  /  =  1 .2  only  and 
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for  a  =20  these  values  are  2. 1  and  1 .3  lespcciivcly  . 

The  comparison  with  cxperimeni  is  not  always  meaningful  since  this  model  only  applies  to 
electronic  polarization  and  very  often  ionic  polarization  is  present.  Nevertheless,  for  the 
monodisperseU  silica  particles  we  have  used,  the  agreement  between  the  theoretical  and  the 
experimental  yield  stresses  are  rather  good  [6).  Actually  this  model  could  more  or  less  apply  when 
the  electric  field  is  switched  on  rapidly  since  in  that  case  we  have  the  formation  of  a  loose  gcl-likc 
structure  which  can  behave  mechanically  as  the  lattice  model.  But  if  the  structure  is  formed  at 
equilibrium  by  rising  the  field  very  slowly,  we  expect  the  formation  of  aggregates  having  the 
internal  structure  of  a  close  p.icked  GCT  lattice.  Such  a  lattice  can't  be  sheared  at  constant  volume 
and  will  dcvciopp  high  normal  stresses  and  wall  slip  before  to  llow.  A  large  increase  of  shear 
stres.s  and  of  shear  modulus  associated  with  a  densification  of  the  gel  like  .structure  has  been 
observed  experimentaily  [6]  ,[24]  and,  if  the  lattice  chain  model  can  still  be  use.nl  as  reference 
model,  an  approach  ba.seu  on  the  existence  of  isolated  aggregates  (whose  internal  structure  would 
ideally  he  the  BCT  stiuclurc)  could  ho  an  alternate  way  to  model  E.R.  or  M.R.  Ilukh', 

V.  MODEL  OF  PHASE  ,SERARATI()N  AT  EQUILIBRIUM 

Magnctorheologieal  fluids  as  well  as  ER.  fluids  exhibit  a  phase  U’ansition  from 
the  liquid  to  a  solid-like  state  when  the  attractive  forces  between  dipoles  become  larger  than  the 
entropic  forcc.s  (  \  =  F^*'P  a  /  kT  5>l).  Thcexpcriiucntally  observed  structure  docs  not  consist  of 
equally  spaced  chains  of  particles  but  of  thick  columns.  Tor  magnetic  fluids  the  average  radius,  b, 
of  these  aggregates  has  been  measured  and  has  been  found  to  inercase  with  the  tliickne.ss  I-  of  the 
sample  with  a  rate  which  depend  on  die  range  of  L  (25),126J.  The  mechanism  of  lormaiioii  of  thc.se 
aggregates  -  do  we  liavc  first  isolated  chains  and  then  a  gathering  of  diesc  chains  into  columns  or  a 
simultaneous  growth  in  two  directions  (pa''idlel  and  perpendicular  to  the  field)  but  at  different  rates 
impo.sed  by  the  rate  of  increase  of  the  field',’  -  is  an  iiitcresting  questiun  bul  will  not  he  di.scus.seil 
here.  We  only  want  to  (leal  here  with  the  determination  of  the  liiial  radius  of  die  eoluimi.s,  obi.mu-d 
aitef  die  eomplciion  of  a  phase  .separation  which  is  supposed  to  have  been  peilormcd  slowly 
ciiougli  in  order  to  allow  for  thcrmudynnmie  equilibrium.  In  that  ca.se,  we  can  use  a  niiuimi/.alion 
of  the  free  energy  relatively  to  the  size  of  the  aggregates  in  order  to  find  tlie  equilibrium  si/c.  riie 
model  we  use  .sluuikl  only  apply  to  MR  fluids  because  wc  arc  considering  the  effeci  ol 
depolarizing  fields  generated  by  the  euloft  ol  the  polarization  on  the  walls  of  die  cell.  Strictly 
speaking  ibis  effeet  doc.s  not  exist  in  ER  fluid.s  where  the  electrodes  bring  the  cliaiges  needed  to 
cancel  die  local  field  generalcd  by  die  cutoff  of  die  polai  izalion.  In  other  wortl.s  the  .ivei  age  lield  is 
constant  i"  the  sample  for  any  ilrsirihulum  of  mnller  since  the  poienliiil  is  impo.icd  on  the 
eoiidiiciive  rleclrodcs. 

l.ct  us  .see  the  ,,iain  inteiaelions  whieli  enter  iiim  |)lay  and  lunv  we  can  iiiodel  them.  I  nst  sve 
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assuiiii;  ihiU  the  aggregates  have  an  ellipsoidal  shape,  characterized  hy  the  ratio  k  =h/L.  (h  is  the 
uansveise  semi-axis  and  L  the  total  length  of  the  major  axis);  then  the  total  inoincnt  of  the 
aggregate  in  the  direction  of  the  external  Held  will  he  : 


Ma  Hq  with 


|tell  .  1 
471 


_ 1 _ 

l-t-n^fpt^ll  -  1) 


veil 


tl5) 


pcil  is  the  internal  peiineability  of  the  aggregate  of  volume  V^dl  and  iiy  is  the  depohiriz.ing  field 
facOT  of  an  ellipsoidt27|  which  for  k  «  1  is  given  hy  : 

n,.  -  -4(l-i-Logk)k2  (Id) 

A  thin  aggregate  correponds  to  small  value  of  the  depolarizing  rield  Ov  ->  <•)  and  .so  to  large  value 
of  and  of  the  magnetostatic  energy  given  hy  ; 

W  =  .  1/2  M,, .  11  (17) 

(The  inoineiU  is  ci|nal  to  in  an  effecuve  inedinm  dteory  where  die  finiie  size  of  die  particles 
do  not  intervene), This  effect  alone  should  coiurihuic  to  the  formation  of  individual  chains  of 
particles.  But  ,on  the  other  hand,  the.se  chains  are  going  the  repel  each  other  he.cau.se  die  cut-off  of 
the  polarization  P  is  equivalent  to  die  effect  of  cltarges  of  opposite  .sign  located  at  the  exucmiiies  of 
each  chain.  Actually  an  uniform  distrilnitioit  of  these  etpiivaletit  surface  charges  who.se  surface 
density  is  a  (r)  =  I’  (r)  .  n  (ii  unit  vccii .  noinnil  to  the  surface)  would  give  ri.se  to  the  usual 
average  field  :  1 1  =;  1  lo  -  a  ^  P  .  lint  if  '•  e  consider  that  each  aggegate  is  located  on  the  nodes  of  a 
lattice  we  shall  have  for  the  1'  '  skiing  on  ihc  reference  aggregate  i  : 

Hi  =  (11  „  -  X  Ty  ■  )  (>«) 

i  iz  1 

where  'I'..  .  M.  is  the  lieUl  coming  from  the  total  tiipole  Mj  of  the  aggregate  j  and  averaged  on  the 
length  of  the  aggregate  i  .Owing  to  llie  cylindrical  .symnictiy,  wc  can  only  consider  the  z 
coiiiponent  of  P  which  is  : 


T„  =  -L- 


S'ij 


((i“j  -I-  1,‘) 


1/2 


d'^) 
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Usinj.'  in  (15)  the  local  fckl  1 1;  instead  oi  l  Ij,  gives  the  rc.siili  • 


ll 


a' 


ell 


lo  -  III 


Mi' 


n,  =  u'-'"  Tii 


(20) 


I  *  I 


The  Slim  on  the  particles  can  he  rc|)iace(l  by  an  integral  belween  the  riulins  il()  ol'  an  eciuivalenl 
cavity  und  inlinity;  we  ihen  obtain: 

^,1  .,1 

with  du= 


n'" .  1_  ■ 

Ill 

^l+iupt'"-  1). 

$ 

lJ 

V  3  <1> 


In  this  expression  <t>  is  the  average  vohnne  I'raetion  of  solid  particles  and  is  the  vohnne  ri  iielioii 
inside  the  aygregales.The  value  ot  n,  decreases  when  the  distance  lietwecn  the  aggiegtatcs  increiLses 
svhieii  means  that,  regarding:  to  the  repulsive  interaction  between  agnegates,  the  encigy  will  he 
lower  with  a  small  nuinher  ol'  thick  aggregates  than  will)  a  large  number  of  thin  aggregates,  ll  we 
do  not  eomsidcr  any  surface  tension,  the  energy  is  only  a  rimetion  of  the  ratio  k  -  b/L  (through  n  ,• 
and  n,)  so  the  eiiuilibriiun  size,  obtained  by  ininiinizing:  (20)  rclaiively  lo  b  will  .scale  linearly  with 
L. 

On  the  other  hand  we  have  to  add  to  the  energy  a  .surfaee  tension  who.se  origin  is  the  diirerenee 
between  the  local  field  on  a  particle  situated  on  the  .surface  of  an  aggregate  rclaiively  to  the  local 
field  on  a  partiele  situated  inside  the  aggregate.  This  change  in  local  field  will  lead  to  a  change  of 
the  total  moment  from  M^''  to  My  which  can  Ihj  incorporated  in  the  factor  00 ; 

Mu  •- Mjj’ (I -Ho )  where  iiu  = 

Tlte  eonsiani  of  proporlionnality  C  depends  on  the  precise  .sirueiure  and  on  the  value  of  tx  I2b| ;  it 
is  etjual  lo  P  if  we  approximate  the  surroundings  of  a  partiele  by  an  homogeneous  medium.  A 
good  approximation  for  00  is  : 


n„  =  C  0.75  n  (  A)  [ 


M)(k) 


(22) 


If  the  expiality  H/  (jt^td  -I)  «  I  is  verified,  the  polarizability  tensor  aod  in  Ihpd.S)  can  he 

develop|>ed  and  using  (1 6)  and  (22)  we  obtain  : 

=  (x«>i  (I  -  00  )  s  ((|i  -  l)/4a  +  c’  k^  )  (I  -  c"  f-  )  (23) 

I|(I  1-  b 

In  this  eiluation  c'  and  c"  are  some  constaoLs  and  we  have  neglected  the  logarithime  'Icpendence  ol 
n,  .so  it  is  only  valid  for  a  re.slricted  domain  of  k.  Looking  lor  the  minimum  ol  the  energy  is 
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ctjuiviilcni  10  lake  llic  derivative  of  Uq.(2.1)  lelalivoly  lo  k  and  ilien  lo  solve  for  k  which  will  jiive  ; 
h«a>/^  l2«. 

This  result  holds  in  tlic  ahsenee  of  repulsive  energy  (itf  =  0) .  Tlie  general  case  ( iip  0  and  og  0 
)  can  he  ohlaincd  in  a  self  consistent  way  by  writing  instead  of  Eq.(2()) : 

Mi'a  =  lIo-ri|  M“  with  given  by  [ki.(21)  The  resulting  energy  per  particle  is  then  : 
•ji  -  a^l>  d -ilcj)  /  (1 +n,(l -ng)) 

It  is  not  easy  lo  obtain,  in  the  general  case,  an  analytical  relation  between  b  and  L.  We  have  plotted 
in  fig.  8  the  numerical  solution  for  the  radius  of  the  aggregates  vensus  the  thicknc.ss  of  the  cell, 
using  a  standard  set  of  values  (a  =  1  ftin  ;  p  =  U) ;  ((i  =  0. 1)  and  assuming  an  internal  volume 
fraction  itiyH  =  0.64  (  corresponding  lo  a  random  packing  )insidc  the  aggregate.s  .  We  can  .see  on 
this  log-log  plot  that  there  is  no  [lower  law  for  b  versus  L  if  we  take  the  whole  range  of  vai  iation 
of  L.  Such  a  lesuli  has  been  found  by  Liu  cl  al  126]  on  droplets  of  fciTofluids.  For  a  different  set  of 
ptirainoters  corresponding  to  polystyrene  spheres  charged  with  magnetite  we  have  found  a  good 
agreement  IxJtween  theory  and  experiment  with  a  slope  clo.se  to  2/3  in  the  range  L  =  1 .31)  |i  -  71)0  p 
12')]. 


We  have  .seen  with  the  help  of  a  multipolar  development  tha'  a  rererenee  nuidcl 
for  the  calculus  of  the  yield  stress  or  of  die  shear  moduls  cannot  be  based  on  the  consideration  of 
two  or  three  spheres,  especially  for  high  values  of  a.  Tlte  calculus  of  these  quantities  on  different 
lattices  have  shown  that  their  values  increase  linearly  with  ilie  volume  fraction  for  a  >  U)  and  that 
they  are  not  very  sen.silive  to  the  relative  disposition  of  the  infinite  ehain.s.  Nonetheless  for  t|) 
0.43  hindrance  effects  rc.sult  in  a  sharp  dccrca.se  of  G  and  Xs  for  the  UCf  lattice.  In  opposition  to 
the  reference  model  where  all  liie  chains  arc  equally  spaced,  we  have  demonslruled  that,  at  least  for 
MR  lluids,  the  surface  tension  and  the  repufsivc  interactions  between  aggregates  lead  to  the 
fonuation  of  aggregates  whose  radius  increases  with  the  thickness  of  llic  cell.  The  rate  of  increa.se 
is  ultimately  linear  (h  «  L)  but  decreases  continuously  when  the  tliickncss  of  die  cell  decreases. 
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Fig.  '  Dirfcrcni  iJiiiccs  studied  ;  the  spiierr.'^  ;irc  (oucluiig  aiung  Z  (Held  dircciioii)-  Tlic 
projection  on  XY  plane  is  icprcsctttcd  far  the  cUisc  packed  structure  but  tiie 
spacing  between  chains  in  die  XY  plane  depends  un  the  volume  fraction. 

4A  simple  cubic  strucune  (SC) 

4B  simple  hexagonal  structure  (SH) 

4C  body  centered  tetragonal  siruciuie  (BCH- 


shear  modulus  (nomiauaud  by  2  EoCp  P’'  )  for  “=10  versus  ihe  volume 

fraction  •  sauic  legend  as  Hg.  6. 


Thcop  rical  p:v<icuon  of  tl*'*  radius  of  Lhe  aggrcgaics  in  a  M  R  fluid  versus 
ili<i  Uu-.  ;<nes  :  fv’  the  celliUic  k-ngdis  aic  in  microns. 
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ABSTRACT 

I  'icld-iiiduccd  phase  behavior  of  a  confined  inonodispcrsc  Icrrolluid  emulsion 
was  studied  using  optical  microscopy,  light  atuismissioii,  and  sutlic  light  scattering 
techniques.  Upon  sppliattioii  of  magnetic  field,  randomly  dispersed  magnetic  emulsion 
droplets  form  solid  structures  at  A=  I..',  where  A  is  defined  its  die  latio  of  tlie  dipole- 
dipole  interuetioti  energy  to  the  Uiennal  energy  at  room  icmperiitu'e.  Hie  new  solid 
phase  consists  of  eiUier  single  droplet  chains,  column.s,  or  wuim-likc  clusters,  dcixmding 
on  tile  volume  fraction,  cell  tliickiiess  and  rate  of  field  application.  1-or  Uie  column  pluisc, 
an  equilibrium  suuctmc  of  cquiilly  sized  tuid  s|)!iccd  columns  was  observed.  Oiir 
nieasuretni  tits  taken  tor  cell  tliickness  .S|jm  S Z,  S  ,‘>U()|jm  and  volume  I'raclioii  0.04  show 
die  column  .spiicing  to  tic  reasonably  de,scrilicd  by  r/  =  1 .49 


1.  Introduction 

Pha.se  behavkit  til'  ctilloidal  dispcr.sitin.s  with  ani.soiropic  inleraction.s  (mainly 
dipole  itueiaetion.s)  .strongly  depends  on  the  eonrinement  til  the  colloidal  sysicni.  It  iias 
already  been  shown  that  a  single  layer  of  colloidal  pariiele.s  interacting  ihrougb,  long- 
range  repulsive  dipole  loiees  lorms  a  c.y.sialiine  siiuciure  1 1.  2),  Iti  lhat  ca.se.  each 
particle  is  we'l  m.  pa.rated  from  us  neighbor.s  as  a  result  ol  the  .sitwig  iti-plane  iepul.sitiii 
arising  rrotn  the  coiirined  parallel  dipoles.  In  the  litnit  ol'  an  extreiiiely  large  cell 
thickness,  it  has  been  predicted  [.A,  4J  and  partially  oh.served  |5,  6j  that  the  system 
undergoes  a  macroscopic  pha.se  .separation;  a  liqtiid  and  a  den.se  solid  pha.se  or,  iti  .some 
ca.ses  a  liquid  and  a  gas  phase,  may  ctiexist  |7,  S|.  Indeed  since  diptile-dipole  inleraction.s 
may  also  be  attractive,  den.se  phases  are  expected  tti  lorn)  once  ihere  is  less  conrinemer., 
to  resU'ici  exphiration  of  aitr.iciive  eonfigurations.  Nevertheless,  the  restilling  equilibrium 
siructuie  .should  ari.se  from  a  very  subtle  interplay  between  attractive  and  repulsive  forces. 
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leading  lo  substantially  more  complex  equilibrium  patu-ins.  Though  experiments  [9.  lOj 
and  theories  [4,9-11]  have  already  dealt  with  this  question,  controversy  between  existing 
theories'  persists.  Our  experiment  is  designed  to  test  the  predictions  of  these  theories. 

In  this  paper  we  examine  >he  behavior  of  a  confined  colloidal  system  in  which 
particles  exhibit  magnedc  dipole  interactions  upon  application  of  a  magnetic  field.  We 
demonstrate  that  at  equilibrium  column  structures  are  formed  which  are  strongly 
reminiscent  of  well-ordered  sumcturcs  in  the  two-dimensional  case.  On  the  otl>er  hand, 
compared  to  the  unique  macroscopic  dense  phase  in  an  extremely  large  cell,  the  confined 
system  shows  many  equally  spaced  and  sized  dense  columns  even  for  a  cell  thickness  as 
large  as  about  1000  particle  diameters.  We  show  that  the  spacing  d  between  these 
columns  increases  with  the  cell  thickness  L.  Based  on  experimental  data,  the  behavior  is 
reasonably  described  by  the  power  law  d  ~ 

2,  Emulsion  Characterization 

li\  these  experiments  we  chose  to  use  small  monodisper.se  fcrrofluid  emulsion 
[I?.].  This  is  bccau.se  the  emulsion  droplets  act  as  hard  spheres  in  tltc  absence  of  an 
applie.1  magnetic  field  and  acquire  magnetic  dipole  moments  proportional  to  the  magnetic 
field  applied.  The  sample  was  made  in  Exxon  by  one  of  us  (J.  Bibbeite)  using  kerosene- 
based  ferrolluid  (obtained  from  Dr.  Ron  Rosensweig)  mixed  with  appropiiate  amount  of 
water  and  surfactant  sodium  dodccyl  sulfate  (SDS).  The  result  is  an  kerosenc-in-wf.ier 
emulsion  where  each  kerosene  droplet  contains  about  6%  by  volume  of  iron  oxide  grains. 
Each  magnetic  grain  has  an  average  diameter  of  9(/A  and  a  permanent  dipole  moment 
corre.sponding  to  a  single  magnetic  domain.  The  droplets  have  an  average  diameter  of 
0.5 1  pm  and  a  standard  deviation  from  the  mean  of  less  than  10%,  and  arc  stabilized  by 
die  .surfactant  .SDS.  The  droplets  am  dispemed  in  a  dcnsiiy-maichcd  aqueous  continuous 
pha.se  containing  a  suitable  mixture  of  Dj.(l  and  water.  The  SDS  .sr-factam  concentration 
is  set  at  0.015  mole/7  which  is  about  twice  of  the  value  of  the  critical  micellar 
concentration  (CMC  =  O.IXIS  mole/ 7)  for  iliis  surlactanl.  The  dro, ileus  aic  numodispcr.sc 
botli  in  terms  of  their  size  and  magnetic  moraem.  The  monodispcr.sc  emulsion  is 
produced  by  applying  a  fractionated  eryslallization  scheme  to  an  initial  polydisperse 
crude  emulsion  [  13].  The  emulsion  droplets  are  stable  over  long  periods,  as  long  a.s  the 
surface  charge  is  maintained  This  may  be  accomilished  by  keeping  tin-  cuiuinuuu.s 
phase  surfactant  concentration  at  or  above  the  CMC  ]  14[.  I'he  repulsion  Ixiiwcen  droplets 
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due  to  the  surfactant  coaling  has  a  very  short  iiiteruction  range  compared  to  ilie  diainetei 
of  ihc  droplet.  The  droplets  aie  also  almo.st  non-defurmahle  in  the  limit  of  small  osmotic 
pre.ssure  at  a  low  surfactant  concentrati  ui  114-151.  Therefore,  as  long  a.s  the  ionic 
surfactant  concentration  is  also  kept  neai'  the  CMC,  the  droplets  can  be  viewed  a.s  hard 
spheres. 

One  major  feature  oi"  llie.se  droplets  comes  from  their  supcr]iaramagnetic  behavior. 
In  the  absence  of  an  external  magnetic  Held,  the  droplets  have  no  permanent  dipole 
momenus,  since  the  small  magnetic  grains  within  each  droplet  am  randomly  oriented  due 
to  thermal  motion.  An  external  magnetic  field  induces  a  dipole  moment  in  each  droplet, 
who.se  magnitude  inerea.ses  with  the  strength  of  the  applied  field  up  until  .saturation  of 
magnetization  is  readied.  Con.sequcntly,  the.se  droplets  interact  through  dipole  I'orces 
which  can  he  controlled  by  ili  magnitude  of  the  external  Held  1 16].  The  sirengih  of  this 
interaction  can  be  conveniently  de.scrihed  by  the  coupling  constant  A  1 17).  which  is  the 
ratio  tif  the  contact  dipole  energy  of  two  adjacent  dipoles  to  the  thermal  energy: 

A  =  EJkT 

where  lUo  is  the  magnetic  permeability  in  a  vacuum,  a  is  the  droplet  radius,  k  is  the 
Boltzmann  constant,  T  is  the  temperature  in  Kelvin,  and  X  '•'>  die  fenolluid  .su.sceptibility. 
X  is  dellned  a.s  M/H  and  is  equal  to  (pmMjU oi)/Jl  1 18),  where  (jt,,,  is  the  magnetic  grain 
volume  fraction.  U a)  is  the  L/ingevin  fimciiim  with  a  =  inJl/KT  where  m  is  the  magnetic 
grain  diptile  moment.  Mj  is  the  bulk  .saturation  magnetization  of  magnetite  solid.  At  low 
field  limit  X  where  d,,,  is  the  magnetic  grain  diameter.  For  the 

feiTofliiid  u.sed  in  our  .sample,  0,,,  =  5.8%,  d,„  =  8.9  nin,  7'=  MW  K,  Mg  =  0.5603  T  or 
4.46x10''  A/M  for  magnetite  of  Fe.tOa  1 19).  Therefore,  ;);=  0.4, toO.37  in  81  units  for  the 
applied  field  range  from  zero  to  40  inT, 

3.  Experiment 

The  behavior  of  the  ferrofluid  emufsion  is  studied  using  optical  miero.seopy,  light 
transmissitm  and  static  light  .scattering  technique.  The  .sample  is  loaded  into  a  few  flat 
wedge  eelis  covering  the  thiek.ne.s.ses  ranging  from  5  pm  to  3(X)  pm.  The  homogeneous 
external  field  is  .set  normal  to  the  cell  surface  and  is  produced  by  a  coil  to  avoid  the 
formation  of  image  dipoles  at  the  magneiie  boundary.  Both  .static  light  scattering  and  the 
light  transmi.ssion  measurements  are  perfonned  using  an  air-cooled  Ar  ion  laser  directed 
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pcrpeadicular  lu  the  surface  of  ihc  cell.  Scaitercci  light  is  displayed  on  a  screen  behind 
the  cell  and  is  collected  by  a  CCD  eamera.  The  signal  is  Tmally  Iransmilied  to  a  conipuier 
for  processing.  Transmitted  light  is  detected  by  a  photo  diode. 

3.1  Optical  Micro.'icopy 

We  have  observed  very  rich  pha.se  behavior  in  these  confined  colloidal 
suspensions.  The  appearance  of  the  difi'erent  phases  depends  on  fxveral  parameters 
including  the  magnitude  of  the  applied  magnetic  field,  the  diopict  volume  fraction,  the 
cell  thickness,  and  the  rate  at  which  the  field  is  applied. 

As  already  noted,  applied  field  induces  a  dipole  moment  in  each  droplet  and 
generates  dipole  interactions  between  the  droplets.  When  A  is  less  than  1,  the  droplets 
exhibit  a  random  dispersed  liquid  phase.  When  A  approaches  unity,  the  droplets  follow  a 
eonden.sation  process,  merging  together  to  form  small  chains.  By  furtlier  increasing  the 
value  of  A ,  the  small  chains  combine  to  form  long  chains.  Depending  on  chain  length 
and  volume  fraction,  chains  can  eitlvcr  stay  separated  or  gradually  coalesce  to  form 
columns.  When  A  approaches  2.  there  is  still  a  visible  exchange  of  droplets  between  the 
di'n.se  (chains  or  columns)  phase  and  die  dilute  (disperse)  phase.  Before  the  completion 
of  this  condensation  proce.ss,  the  ordering  of  the  chains  or  columns  becomes  visible,  This 
ordering  sharpens  and  saturates  when  A  is  further  increa.sed  to  about  10.  I-'or 
A  approaches  10,  the  chains  or  columns  become  rigid  and  are  locked  in  position;  die 
Brownian  motion  of  each  particle  is  reduced  dramatically.  Fig.  1  illusUates  the  phase 
transition  for  a  sample  of  volume  fraction  0  =••  0.03  in  a  cell  of  tliickness  L  =  20  pin. 

When  A  is  larger  than  1,  the  cell  thickness  controls  the  chain  length  and  therefore 
the  interaction  between  chains.  Figure  2  shows  the  microscoiie  image  for  droplet  volume 
fraction  0  -  0.(X)7  confined  in  a  cell  of  thickness  approximately  .“i  pm.  The  magnetic 
field  H  is  .set  at  31.5  m  l',  oriented  normal  to  the  cell  surface.  I  hc  corresponding  value  of 
A  is  HO,  In  this  case,  the  chain  length  L,  which  expands  to  fill  the  cell,  is  10  limes  the 
droplet  diameter.  It  is  clearly  visible  that  the  ferronuid  emulsion  arranges  ii.self  into  an 
organi/ed  aiTay  of  chains  of  equal  thickness  2r  and  equal  .spacing  /I.  Tlie  average  .spacing 
roughly  measured  from  this  picture  is  about  5  pm  and  the  chain  thickness  is  just  one 
droplet  diameter.  For  this  thin  cell,  the  interaction  between  droplets  is  mainly  repulsive 
since  the  structure  formed  is  very  similar  to  that  of  a  single  layer  of  dipoles.  However, 
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l  iu  2  Mii  :i.soilv  m  ni'ss  m.ciii'ii  llic  liclil-iiuUical  sinicuiic  wlicii  liic 

>l,onk-l  v..liniR'  lr;,niim  i-,  -  OWl.  llu-  cell  ll.ickiicss  is  I.  =  .1  tun  aiul  II  =  ^ p  m  U  - 

SO)  riic  licUl  aiicclioii  IS  inU)  llic  iKipci.  Siniilc  cliams  aic  well  scpiu.ilul  wn  >  taUi 
cliii'.u  wiiUU  IMIC  Ilriiplci  iliaiiiclc-.  7a  --  n.M  pm,  Tlic  miimiclic  licM  is  incrcasc.l  al  a  m  e 
ul'  almiil  SlKl  m  l7mm  Iri.m  II  li>  H-l  mT.  I  lif  liorin.-ial  wiillh  ill  liic  imaiie  coiTCsix.ials 
111  4'.)  pm. 
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the  inicr-chain  rcpulsivi;  inlcraction  range  and  slrenglh  must  be  reduced  eempared  lo  ihat 
of  a  single  layer;  oilierwise,  a  crystal  strucluie  would  be  observed.  Either  decreasing  the 
chain  length  or  increasing  the  volume  fraction  lesulLs  in  a  .stronger  repulsive  interaction 
between  chains  and,  therefore,  a  better  ordering. 


When  die  confinement  is  decrea.sed.  a  different  structure  appears.  Figure  ?i  shows 
a  niicro.scope  picture  where  0  =  0. 13,  L  =  65  jam,  II  =  38  inT,  and  A  =  107.  In  this  case, 
the  chain  length  L  is  about  130  droplet  diameters.  The  ferroOuid  emulsion  again  ananges 
itself  into  a  fairly  well  ordered  structure;  now  however,  columns  arc  formed  that  are 
much  larger  in  diameter,  about  3.0  jam,  than  single  droplets,  0.5  pm.  The  chains 
aggregate  to  form  larger  column  structures.  For  L»  a,  repuhsive  forces  are  dominant 
between  chains  that  arc  parallel  and  in  register  with  each  oilier.  However,  il'  chains  arc 
brought  close  together  and  are  shifted  a  distance  of  one  droplet  radius  along  the  eliain 
direction,  a  net  atmaciive  interacuon  between  the  chains  rcsulUs.  'Hicrcforc,  columns  form 
from  chains  attracting  each  other  and  "zippering"  together.  Tlic  columns  arc  observed  to 
taper  at  the  ends,  forming  sharp  tips  at  cell  boundaries. 

A  dramatically  diffenent  structure  rcsulls  if  the  magnetic  field  is  applied  rapidly  to 
this  system.  Figure  3  corresponds  to  the  rate  of  0.1  mT/min.  In  order  to  check  whether 
other  .structures  arc  possible,  we  vary  the  applied  magnetic  field  at  a  rale  of  up  to  10'^ 
mT/min.  Figure  4  shows  the  structure  formed  by  the  ferronuid  emulsion  when  the 
applied  magnetic  field  changes  at  a  rate  of  240  mT/min.  In  litis  ease,  0  =  0. 12  and  L  =  50 
pm.  A  worm-like  structure  is  observed  with  a  clear  characteristic  length  .scale.  If  the 
field  application  rale  is  increased  to  10“*  m  l'/min.,  a  random  connection  of  labyrinthine 
structures  will  result.  We  al.so  note  that  below  a  critical  volume  fraction,  in  this  ca.se  6%, 
the  worm  structure  is  always  absent.  We  then  always  find  a  column  structure  with  a 
slight  difference  in  column  separation  compared  to  the  one  shown  in  Fig.  3. 

A  very  iniere.sting  phenomenon  is  found  when  we  nainiain  the  rapidly  applied 
field  to  its  finai  value,  corresponding  to  abttul  A~  3,  lor  icw  minutes.  The  worm-likc 
pattern  disappears  gradually  and  t>  columnar  .structure  appears.  Hov/ever,  if  the  strength 
ol  the  final  applied  field  is  relalivcly  high,  corresponding  to  A  >  10,  the  worm  or 
labyrinthine  stiuctuie  Iree/es  and  does  not  revert  back  to  a  columnar  pattern. 
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l''iu.  3.  Mk'rusci)|x.'  imai’o  showing  Ihc  cross  soclioii  ol  a  coluniii  sinicliiic  laktn  a(  0  = 
0,13,  i  =  urn.  //  =  .38  III  I'  (/I  =  107),  riic  magi'clic  ncid  was  increased  al  a  rale  ol 
alxiul  I  Ci/iiiin  Iruin  0  U>  3«  m  l'.  The  liori/oiilal  wUUluil'lhc  image  coiresiMinds  loahoiit 


I'ig.  4.  Microsciiiie  image  shnwing  eioss  sceliuii  ol  Uie  "wonii"  .siruetiire  lor  iiiagnelie 
lield  inerea,sed  at  a  rale  ol  alioui  741'  n  T/min  Irom  0  lo  3S  iii  T.  Mere  0  =  0.12,  I.  =  .SO 
uiii.  ri  -  IK  m  l  (A=  107).  Ihi  hoi  .oiilal  widlJi  ol  die  image  eorres|aiiuls  loalaail  l(K) 
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This  suggests  that  a  columnar  structure  is  the  equilibrium  phase  and 
thermodynamic  equilibrium  can  be  reached  if  the  applied  field  increases  slowly;  e.g.,  at 
0. 1  mT/min.  This  rate  employed  in  Fig.  3,  A  increases  at  a  rate  of  about  0. 1  min."’  in  the 
range  of  A  =  1  to  6  in  which  structure  formation  occurs. 

3.2.  Light  Transmission 

The  quantitative  pnase  behavior  under  equilibrium  conditions  (low  applied  field 
rate)  was  studied  usin'^  light-transmission  measurements.  When  chains  start  to  form, 
more  light  is  allowed  to  pass  through  a  sample  which  in  the  random  phase  absorbs  and 
scatters  light.  Therefore,  the  critical  field  for  phase  transition  can  be  determined  by  light 
transmission  measurement. 

Fur  the  light-transmission  expenment,  a  laser  bcatn  parallel  to  the  magnetic  field 
is  directed  toward  the  sample  surface  and  a  photo  diode  is  located  behind  the  sample  to 
detect  the  uensmitted  light.  The  result  is  shown  in  Fig.  5  for  which  0  =  0. 10,  tind  L  =  1(X) 
pm.  The  transmi.ssion  starts  to  increase  sharply  when  II  approaches  4  mT  (tliat  is.  A 
exceeds  1.5).  The  transmission  reaches  its  peak  value  when  H  approaches  8  mT 
corresponding  to  A  =  6.  Transmission  is  increased  by  three  orders  of  magnitude  willi  a 
value  of  A  in  the  range  0  to  10.  Reducing  llic  field  from  10  to  0  mT  docs  not  result  in  any 
hysteresis.  When  the  droplets  diameter  is  2a  =  0.41  pm,  and  the  measurement  is  repeated 
under  Uie  same  condition,  we  find  a  similar  transmission  curve;  the  U'ansmi.ssion  start.';  to 
increase  at  a  field  strength  H  =  5.5  mT.  However,  this  field  again  cortesponds  to  A  =  1..'). 
Our  previous  direct  microscopic  observations  taken  together  with  this  measurement,  lead 
to  tlie  conclusion  that  tlie  condensation  process  into  columns  i.s  very  analogous  to  a  lirst- 
order  pha.se  transition  in  a  system  where  two  different  phases  coexist  with  one 
condensing  in  the  other.  The  critical  field  for  the  pha.se  transition  from  randomly 
dispersed  droplets  to  a  columnar  sumeture  occurs  in  both  cases  at  A  =  1.5. 
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Fig.  5.  I.iglit  inuisnii.ssiuii  iiiuasunxl  as  a  funclitai  uf  luagiiulic  Held  :i|)plicd  al  a 
rate  of  about  0,4  m  T/iuiii  lui  0  =  0. 10  and  /.  =  100  ^Ull. 
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J.3  Light  Scattering 

In  ihc  sialic  liglu  scallcriiii’  cxpcritncni,  a  laser  liglu  parallel  lo  ihe  magneiic  lielil 
direciion  is  again  direcied  loward  ihe  cell  surl'ace.  On  ihe  screen  liehiiid  ihe  .sample,  a 
typical  .scaiieriiig  paiiern  of  .several  concentric  rings  is  ob.servetl.  A  number  ol' rings  as 
high  as  7  has  been  ob.servcd  in  .some  ca.scs.  The  rings  indicate  that  a  paiiially  ordered 
structure  is  formed,  which  is  consistent  with  what  we  found  in  the  inicro.scopc  images. 
The  first  inner  ring,  which  is  the  inosi  inten.se  ring,  corresponds  to  the  characieiisiic 
length  .scale  .seen  diiectly  in  the  structure  and  the  other  rings  are  believed  lo  be  the  higher- 
order  harmonics.  .Since  the  form  factor  is  es.sentially  flat  |2()|  in  the  small  angle  range, 
we  can  easily  deduce  the  .scattering  wave  vector  po.siiion,  c/nuu-  "1'  the  maximum  intensity 
of  the  first  ring  in  the  corresponding  structure  factor.  This  allows  us  to  determine 
preci.sely  the  average  .separation,  il,  between  columns  by  using  the  relation  <1=  lnlqmin- 
Here,  the  .scattering  wave  vector  q  is  defined  as  47i.sin(t)/2)/A„.  where  i)  is  the  angle 
between  the  incident  atid  scattered  light  in.side  the  .sample,  and  A,,  is  the  light  wavelength 
iti  the  sample.  'I'he  peak  width,  iyimnx^  a'vcs  the  mean  deviation,  ri/.  from  the  average 
spacing. 

We  u.sed  static  light  .scattering  to  probe  the  columnar  structure  as  a  function  of 
volume  fraction  with  cttnslant  L  and  at  a  slow  rate  of  field  applied.  Ifgurc  (>  shows  the 
relation  between  the  column  .spacing  d,  its  variation  8d,  and  the  volume  fraction  tp.  at  a 
cell  tiiickness  /.  =  50  pm  and  with  A  -107.  The  degree  of  ordering  is  leflected  by  the  bur 
which  is  measured  from  Ihe  ring  width.  The  ordering  improves  as  0  increases. 
.Surprisingly,  wc  did  not  find  any  dependence  of  the  mca,surcd  column  spacing  d  on 
volume  fraction  for  0  >  0,04.  1  his  ivsuli  is  confirmed  for  other  ihicknc.s.ses  ranging  from 
10  pm  to  IlKI  pm.  This  results  arc  remarkable  bi  that  column  spacing  is  independent  of 
volume  fraction.  As  0  increa.ses,  instead  of  forming  moie  columns  at  reduced  spacing, 
the  column  width  increases  as  V^so  as  to  maintain  a  constant  column  spacing.  The 
rca.son  for  this  prcferied  structure  is  not  clear  yet. 
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6.  I'niiii  sialic  liillu  scaKciiiig.  (lie  coliinin  spacing  it  is  nicasurcil  ns  n 
liiiicunn  of  Ip  at  /,  =  .SO  pin  ami  II  =  38  in  T  (/I  =  107).  The  magiiclic  llclil  was 
incroascil  al  a  rate  of  atxiiil  0.4  ni  I'/min.  I'liu  bar  dU  gives  Uic  viuialiun  of 
culuinii  s|>aciiig  oiilaiiicO  fniiii  llie  scaltciing  ting  widtli. 
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Kig.  7  ScattctL'd  light  inieasity  (aihiuary  unit)  latiially  avcragixl  :U  cunstaul  o  and  plotted 
its  a  function  of  scattering  wave  vector.  q,M  ^  0.04  and  )/  =  IK  m  i'.  'I'te  scattering 

patteni  was  measured  for  wedge  cells  of  thickness  L  ranging  inxii  7.1  pni  to  I32.H  pin 
I'he  transmitted  beam  is  blocked  near  Ibc  cenutr  and  the  magnetic  fieid  is  increased  at  a 
rate  of  about  0.3  m  l'/min. 
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palUTii  .ihlaiiu’d  lii'iii  ihi-  iivlumn  v.liiKHiri'\  lur  ililli'iiiil  lalui-i  I'l  /  A-  /  uKiia'i-s 
iii>m  '  iim  1.'  1  Mil, Ml  ih,  (X  jk  iti  Ilk"  iiiu-iKilv  pti’lili-  mn^r'.  ii>«.ariK  iriialli'i  inpli'i  aiul 
Halt. 1*1  hii;tx  i  ■fili  i  haiiiiiitm. I  all'  MMbli'  I  hi".  i  li‘ai!%  \hnMi  iMal  ihi-  inluiiiii  '•('aiiiii; 
iniii  a>a-i  Aiib  itKivaMiip  icll  itiiikiU"  I  l•*lll  ih.  Iif'i  nni;  piak  ivi  ijii 

vaMilMi-  Ihi-  ,lr|X  luU  t’i'-  .'I  Ihi-  n'luniM  spaiiiij;  i>n  n-II  ihiikiu-i-.  al  i.'iiiljiil  .ii.ipli  i 
luiiii-  lijiii,  ri  O  tiot  and  mill  /•-  laiiTi'  I  Ik- (i-\ull  ii  pipv  rni'd  m  !  ij;  “i  Iti.rdii: 
i  .'FIi|'ai,  mill  Ilk'  l■^ls^lFll.'  dk'i'lk'^  ilk"  valtk''  aFi'  pli-lli'il  I'ti  a  li'p  li'i;  -i  ali  11''  I.  '  i 
.  ihihiii  ,1  hill  at  ili-jx  Fiili  lK  i  '  Fi-a'a  tial'li  lit  ••!  itk'M  dala  ■  \i  l  llu'  ,  X|X  i  li.U'lilal  lahii 
iM  1 1  i  I  ihii  k til  ii  ll-ad^  1* '  ilk  1 1" lain  11  “1  ,/  I  -Ml  f  -*  I  It  'Ui- 1  i  i .  \t  aiu  tli- \  tali'  'll ^  i ii  i  lit 

•  lala  iii'iii  liiu  ai  lining:  arp  vtii  i'v(x  iiall\  al  Ihi-  latpi-  i  iiil  "I  1  I  I'l  ihii  kiii-'-'-i''  ai  "i 
jh,.!.,  M«i  i,|!i  ii,ulll|'li-  liilln  -xalU'linp  and  at>M'iplii 'll  ilait  If  Ix-ii'iin-  '.iptiil  ii  aiil  Mii  h 
itiai  till  iiiii;'  Ixii'iiii-  li'vv  di-lmi-tl  It  pit-\cnis  iix  lifin  piii'iiiiiip  ilu-xi-  i-\|ii-imii-iiN 

liiilht-i 


I  it'iii  Ilk'  iiii-astiii'd  ii'lalii'ti  III  </  j\  a  luiklinii  i>l  / .  kp  laii  i.ali.iilali'  ihi'  iiilkal 
It'll  itii>.kiii''.s  /  iaIii'H'  a  plia^xi'  traiixiiii'ii  Irtim  niifiU'  chaiii't  ii>  ii'lumiis  ticiiiis  I  Aimj; 
ihi  ii'laiii'ii  2i  il  <  I  /"  0'  '•>/!  l"i  iK'vatnuial  iIom.'  paikL’d  tii'niiii'li'y  and  il  ■  1.4'J 

/  "  ui-  tihiaiii  l.i,  2  '  inn.  jIfM'ii  2i  2u  Hero  O  -  O.IW  and  (J/,  -  0.64  .wliiiti  i.s  ilk.' 
'ti'liiiik'  I'ai'kiiip  li.ii  Ill'll  itiMdi'  a  landoiuly  i.'lii.s(,'  packed  coluinn.  I'liis  rc.suli  icll.s  u.s  that 
liti  0  0  O-l.  chains  nl  ^  dii'plcts  or  iiunv  will  coaic.scc  lo  I'orm  columns,  whereas  chains 

I'l  4  dii'i'lcis  I'l  less  will  icinain  .separaic  I'rom  oiher  chains.  In  the  oilier  limit  L  ->  ■». 
liuiii  our  iiieasuicU  iclaiion  il  -  1.49  /.•* ’4  >  oo  I'hjs  inean.s  that  a  pha.se  .sepaialion 

wtiuld  occur  lor  iiilinite  chain.s,  which  is  eoiisisieni  wiih  ihe  iheoreiic  predictions. 

(lur  lesulls  diricr  from  that  of  a  previous  experiment  1 10)  lor  a  similar  system, 
i  he  sample  used  in  rererenee  1 10)  was  a  polydisper.se  solid  magnetic  colloid  and 
iiieasureiiic'iu  were  made  for  t(X)  (iin  <  L  <  7(M)  pm  The  result  of  )  10)  showed  a  power- 
law  relationship  li  a  which  dilTers  significantly  I'rom  the  rclation.ship  d  a  v;c 
oluained,  I'liis  diri'erenee  i.s  probably  duo  to  the  dispersiiy  of  their  sample  and  the 
dillcrent  values  ol'/,  u.sed. 


4.  CniK'lu.siuas 
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'm.m-i.iI  thfuiK'v  14,‘J  1  1 1  havo  txvn  ilcvi-lopt'd  in  undcrsiund  itu’  liidd  induLcd 
sUvitluri'  III  a  i.nnliiii.'d  \>sk‘ni.  All  nl  ihom  ulU'inpl  in  calculali'  ihn  lownsl  lu'i-  i-iKTjiy  ni 
a  nniiliiuind^  sv'.k'lll  diu'  In  I'llhi.T  lw.n  nt  all  lhav  nl  ihc  ina(!ni.-llL’  llUL’iacUniis:  la)  llu' 
dipnii'  ttiUTdilinn  kilhin  nno  nnluiuii  tavnr>.  IniiiiiDg  Iniij:  Miijili.-  thaiiis.  (Hi  ihn  surl;n.'i' 
U'liMnii  UTiii  tavnrv  (nftiiiiii;  lurjln  nnfuinn-.  In  iiiiniini/n  Ihc  Mirlai-n  aaa.  siiii.i.'  it  i.n.'.ls 

In  inmi  lu'i*  ourlani's.  and  U  '  Ihn  inu'rai. iinii  Ix-iuivii  majihlmniij:  i.nliiniii'>.  wlin.H 
IV  maiidv  inpiiUisi-  and  lavnrv  larpn  cnluiiiii  vpaciii}!  ( 'niniH'iitinii  hniwi-nii  iHl'vi- 
inu'rai.liniiv  pri'suinahK  snlllnv  vnluiniiv  al  a  liiiiln  \iidlh  and  vpai.iiip  Im  a  i^nnii  Lnluiiiii 
K'li^'lh  hiU'  vnnu'  nl  ihi-nncv  pindii  l  a  |>nwi‘i  law  dcix'iidoiHv  I'l  mliimn  dianK'ii.'i  nii 
(.nliinin  li'ii^lti.  till'  prnditU'd  |M'Wor  law  nuixiiUMilv  am  nith.-i  7/1  I'l  1  ()nl\  niu-  thnnrv 

1 1  1 1  I'.av  pri'diLlnu  a  phase  eliaii^e  limn  n  luiniiv  in  ihin  wall  liki  v|ii|x-s  a .  the  vnlutne 
Iravlinii  iiiL'teaws  I  veil  llinuph  Ihiv  lliemv  vUppevK  a  phase  liaiisilinii  limn  a  enliinin 
slruelute  in  a  wnnii  like  sUustuie.  iis  piedielmn  dues  nni  apiee  i|uaiililali\ eK  with  nut 
ex|X‘rinieiiial  resialls.  Iheielme.  nui  es(vinuMii  dms  imi  apiee  with  aiis  ni  the  eMsun^; 
iheniie.s  m  pivvinus  ex(XTtnieiiis 

Ihe  dipnles  induied  In  a  tnaiinciiv  held  and  then  iiiU'iai.iinnv  in  a  leiinllmd 
enuilsuin  arc  very  siinilai  in  llinsi.’  inclined  in  an  •.•l•,^tlnIhenln^;lcal  lliiul  1 17)  Hi  an 
iiU  lluid,  an  external  ciccliic  held  is  applicu  •.><  a  snllmdal  sus|X’nsinii  in  wliicli  the 
diclccUic  cnii.staiil  tvlveen  particles  and  liquid  is  inisinalched  I'.leciiie  dipnle  nininents 
aic  induced  by  the  applied  Held  in  particles,  which  will  interact  and  alipn  the  particles 
into  chain.s  121 1,  Hiwcvcr,  the  elcetrndcs  whieh  apply  electrical  licld  in  the  sysieni  alsn 
induce  image  dipoles  over  the  boundaiies.  liach  lorincd  chain  eonnecied  wiih  its  image 
through  interaction  is  cqtiivalcnt  to  a  ii'tinitely  long  chain  even  it  the  cell  thickness  is 
I'inite.  rherelorc,  the  structure  lor.mcd  in  the  l-iK  Huid  corresponds  to  ihai  nl  the  large  cell 
limit  ol’  our  I'enonuid  emulsion.  The  hcld-induccd  .siructure  change  in  liK  lluids  turns  an 
ER  fluid  into  a  Hingliaiti  solid,  which  leads  lo  many  potential  a|)|)licalions  |2.2).  The 
saiiic  is  expected  in  this  I'crronuid  emulsion  ui)on  applying  a  magnetic  field,  and  ii  is 
therefore  called  a  magnetorheolo-ical  (MR)  lluid.  rherefore.  studying  the  phase 
behavior  is  very  important  for  understanding  the  fundamemal  phy.sics  of  an  anisotropic 
interacting  system  and  for  understanding  the  rheological  behavior  for  technological 
applications. 

In  summary,  we  have  demon.siraled  that  a  confined  feiTolluid  emulsion  exhibits  a 
very  rich  pha.s''  behavior  when  subjected  to  ?  magnetic  field.  The  ani.sotropic  dipole 
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inicraclioiis  between  droplets,  induced  by  the  external  field,  results  in  an  anisotropic 
structure.  The  critical  field  for  phase  transition  occurs  at  A,  =  I..*)  when;  random 
dispersed  droplets  begin  chaining.  When  A  »  1,  in  a  highly  confined  system,  a  .structure 
of  partially  ordered  and  well  separated  single  chains  form  as  a  result  of  repulsive 
interaction  between  short  chains.  For  a  less  confined  system,  equally  spaced  columnar 
smucture  fonns  with  a  degree  of  ordering  depending  on  the  volume  fraction.  A  higher 
volume  fraction  gives  a  better  ordering  of  the  columns.  Surprisingly,  we  have  found  that 
the  rate  at  which  the  field  is  applied  smongly  al'fecLs  the  appearance  of  different  pha.ses. 
A  low  rate  results  in  a  columnar  structure,  and  a  high  rate  results  in  a  worm-like  or 
labyrinthine  pattern  if  a  critical  volume  fraction  is  reached.  This  is  very  similar  to  the 
labyrinthine  structure  oh.scrvcd  in  a  ferrofluid  confined  between  tw('  plates  and 
.surrounded  by  another  immiscible  lluid,  where  the  complexity  of  the  pattern  al.so  depends 
on  the  rate  at  which  the  field  is  applied.  In  that  ease,  tlie  competition  between  dipolar 
interaction  of  magnetic  grains  and  the  inlrin.sic  .surface  tension  between  two  fluids 
controls  the  shape  of  the  suucturc  [IK.  2.^).  However,  in  our  ferTolluid  emulsion,  there  is 
no  intrinsic  surface  tension.  It  is  surprising  to  .sec  .siniilai  phenomena. 

We  have  mca.surcd  die  equilibrium  .structure  while  applying  the  fii’.ld  at  a  very  low 
rate.  For  a  constant  cell  thicknc.ss  in  the  range  of  1(1  }tm^  IIX)  jjni,  we  found  that  the 
column  spacing  is  basically  independent  of  volume  fraction  lor  0.04  S  0  0.2.  At  a 

con.stant  volume  fraction  of  0.04,  we  obtained  a  power  law  between  the  column  spacing 
and  the  cell  tlucknc.s.s  having  the  lonn:  d  =  1.49  for  .S/mi  <,L^  5(K)  nus  msult 
repre.scnts  the  lirsi  structure  study  in  a  confined  fcrrolluid  emulsion  sy.stem  interacting 
through  dipole  lorcc.  A  large  gap  between  theory  and  experiment  still  cvi  ts.  Therefore, 
nioie  research,  both  experimeriutl  and  dicoretical.  is  strongly  demaivli  ii  in  order  to  fully 
understand  die  complex  pha.se.  behavior  of  this  system. 
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AILSTRAGil 


Wc  ic|xirl  a  fCiilKiiu'  sdiily  ol  tlic  cvoliilioii  ol  vtruiliin’  iil  eonliiu'tl  kirnlliidl 
ciiiiiImoio  (luring  ihc  '  ligiiid  'ailid"  pliiisc  IraiiMlioii  A  moiuxlixpcrxc  oil  iii-ualcr 
U'lrollaid  eiiiuKioii  is  used  I  lie  sliuclua'  cvidiiUoii  ol  die  eiiiiilsioii  alter  lapid 
applieauiin  ol  a  niagiielie  held  is  proix'd  l>y  die  sialie  liglil  seadeiiiig  I  lie  Hiilleiiiie 
paueiii  exliihds  proiioiiiieed  rings  dial  relleei  die  l(iriii.iiioii  ol  eliaiii.s.  eoliiiiiiis,  and 
(Kissilily  lain riiilliilie  sliiieliiies  I  lie  st  alleiiiig  iiiig  is  loiiiid  lo  deeiease  in  si/e  and 
hiiglileii  III  ililelisiiy  svidi  nine  lo  iiioiiiloi  die  siiueliiie  eMiliilioii  in  nine.  Ixiili  die 
ling  peak  |xisnioii  in  ssadeiiiig  ssave  veeloi.  ilnuix-  and  die  |X'ak  iineiisny.  Iii\a\-  aie 
measured  as  a  linielion  ol  nine  llodi  ynuix  and  //r„j|  vdiiiaie  in  less  iliaii  0  s  seroiids 
.iller  applying  a  inagiielu  held  Al  a  eoiisiiuil  eell  diiekiK'ss  oi  ?s  |nii.  die  esolnlion  ol 
sloieline  is  essenlially  iiide|K'ndenl  ol  sdliiiiie  liiulioii  langiiig  lioiii  OU|s  lo  0  I  I  In 
addilioli.  a  seiy  gixxl  sealing  is  loniid  in  die  H'adeied  liglil  nilensiis  as  a  linu  liiin  ol  die 
se.iileiing  wasesedoi 


1.  Iiilrodui'liiiil 


I'he  evoluiioii  ol  lield  iiiduced  siruelure  ol  a  eolloidal  sysieii'  lliiough  (li|nilc 
iiueraeiiiins  lia.s  Iven  sunJied  leeenily  in  cells  wall  laile  or  no  coiirincincm  l  or  c.vainpie, 
one  sUkly'  was  canicd  oul  in  clecirorhcological '  K)  Iluids.  whcic  an  applied  eleeine  liekl 
induces  an  eleeine  dipole  in  eaeli  dieleeirie  iliele  suspended  in  a  liijuid  ol  dillereiu 
dieleeirie  eoiisiuni.  Hie  dipole  iiueraelion  aligns  ihe  panicles  inio  ehains,  and  diU'eienl 
chains  !  uriher  coalesce  lo  lorni  eoluinns.  The  eolunms'  coarsening  is  helieved  lo  he  due  lo 
llierinul  liueiuainms  in  eliaiiis.  I'he  iheory  in  rel.  1  has  pivdieied  dial  lor  an  iiirinilely  long 
chains  ilie  eoarseiiiiig  due  lo  ihernial  llueliiaiion  sliould  lollow  a  power  l.iw  ol  ihe  loini 
il  '  I where  d  is  a  eharaelerisiic  leiigih  ol  die  siruelure.  The  espeniiienial  ivsuli  lioni 
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ihc  same  study  lor  a  cell  thickness  ol'  0.7  mm  .shows  that  the  chain  coar.sening  varies  in 
time  in  accordance  witlt  the  power  law  d  ~  i  h-"*.  A  .somewhat  diilercnt  re.sult  was  obtained 
in  a  study^  of  a  magnetic  colloidal  .sy.stem  whcie  applied  magnetic  field  induces  a  magnetic 
dipole  moment  in  each  panicle  suspended  in  a  non-magnctic  liquid.  The  dipole  interaction 
results  in  a  .structure  similar  to  that  in  ER  lluid.s.  The  coarsening  process  shows  a  power 
law  d  ~  1 0'^  Tor  a  cell  thickness  of  1  mm.  In  both  experiment.s,  chain  length  is  at  least  tnree 
orders  of  magnitude  greater  than  the  particle  diameters.  The  data  suggest  a  weak 
dependence,  however,  of  the  chain  coarsening  rate  on  the  chain  length  (i.e.  the  liciglil  of 
the  .sample  coll). 

The  chain  coarsening  proce.ss  has  not  yet  been  studied  either  ilieoreiically  or 
cxixirimentally  in  a  cell  with  strong  confinemeiii.  I’rcsumahly  the  thermal  flueiuation 
amplitude  of  a.  short  chain  is  much  smaller  than  that  of  long  ehain.s.  due  lo  strong  repulsioii 
attiong  chains,  rherelore.  the  ehain-ebain  coarsening  is  expected  to  be  very  slow,  if  it 
occurs  at  all.  In  this  paper,  we  pre.scni  our  initial  expicnmenial  study  of  the  ricld-induccd 
evolution  of  structure  of  inonodi,s|K’r.se  ferroHuid  emulsions  confined  in  a  cell  having  a 
thickness  of  about  25  {iitt  ,  I'lte  chain  formatioa  and  coarsening  are  measured  by 
monitoring  the  evolution  oi  diffraction  rings.  The  results  .show  that  the  ring  formation  is 
coinpletc  or  reaches  .saturation  in  less  than  0.5  sr-eonds  after  the  application  of  die  magnelie 
held.  I  he  lorniation  ol  chains  and  their  coar.sening  are  indistinguishable  for  this  strongly 
conlined  system,  l  urlltennoie.  the  sattiialion  time  ol  Die  struettire  foimation  was  found  to 
hi.'  basically  mdeik'itdent  ol  the  volume  Iraetions  over  tlie  range  studied.  0.01  5  to  0. 1  .V 

1.  Kx|U'riiiU'nl 

111  out  ex(X'riinems.  small  monodisps'isi'  leiTolluid  emulsion’  is  used.  I  he  sant|)le 
Is  an  oil  lit  water  emul.sion  m  which  kerosene  dioplets  eontam  about  W/,  volume  of  iron 
oxide  grams  faeh  gram  has  an  average  diameter  ol  'fOA  and  a  pi'rmanerii  magnetic  dijiole 
moment  corresponding  to  a  single  inagneiie  domain.  Tlie  oil  droplets  have  an  average 
dianietei  ol  0  51  (tin  with  a  standard  deviation  ol  less  than  0.05  pm  Iherefore,  the 
dro|ilets  aiv  es.wntially  monodi.s|x'ise  m  both  si/e  and  magnetic  nunnem.  1  he  advantage  is 
dial  the  emulsion  droplets  act  a;,  hard  sphea-s  m  the  ah.senee  of  a  magnetic  field  and  aequire 
magnetic  dipoles  when  a  niagiietie  held  is  applied.  Moreover,  the  interaction  strength  can 
Iv  controlled  by  the  magnitude  ol  the  applied  field. 
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The,  oil  droplets  are  stabilized  by  sodium  dodeeyl  sull'ate  surfaciani  (SDS)  ana  are 
dispersed  in  a  density  matehed  mixture  of  D2O  and  water.  The  SDS  surfaetaiu 
concentration  is  set  at  0.015  molc/f,  which  is  about  twice  the  critical  micellar  concentration 
(CMC  =  0.(K)8  mole//)  of  the  surfactant.  The  .sample  is  prepared  by  applying  the  fractional 
crystallization  scheme  to  an  initial  poIydispcr.se  crude  emulsion'*.  The  emulsion  droplets 
arc  stable  as  long  as  the  surface  charge  is  maintained.  This  is  accomplished  by  keeping  the 
continuous  phase  surfactant  concentration  at  CMC^  or  above.  The  repulsion  between 
droplets  due  to  the  surfactant  coating  has  an  interaction  range  much  shorter  th;ut  the 
diameter  of  thi^  droplet,  as  long  as  tlie  ionic  surfactant  concentration  is  kept  also  around 
CMC.  In  addition,  the  droplets  arc  almost  non-defonnable  in  the  limit  of  small  osmotic 
pressure^'*.  Consequently,  they  can  be  viewed  as  hard  spheres. 

One  major  feature  of  thc.se  droplets  arises  from  their  super  paramagnetic  behavior. 
In  the  absence  of  external  magnetic  field,  these  droplets  have  no  permanent  dipole 
moments,  as  the  s.mall  magnetic  grains  within  each  dropbet  are  randomly  oriented  due  to 
tlicir  tlictmal  motion.  However,  once  an  external  magnetic  Held  is  applied,  the  orientation 
of  magnetic  grains  is  slightly  rotated  towards  the  Held  direction,  which  results  in  a  dipole 
moment  In  each  droplet.  Therefore,  the  magnitude  of  the  magnetic  dipole  moment 
increases  with  the  strength  of  tlic  applied  field  until  saturation  is  reached.  Consequently 
these  droplcLs  interact  through  dipole  forces  which  can  be  controlled  by  the  magnitude  of 
the  external  Held’.  The  strengtli  of  diis  interaction  can  be  conveniently  described  by  the 
coupling  constant  A  **,  which  is  the  ratio  of  the  contact  dipole  energy  of  two  adjacent 
dipoles  to  the  tltennal  energy: 


A  =  Edikr 

Here  ^ois  the  magnetic  permeability  in  vacuum,  a  is  the  radius  of  the  droplet,  k  is 
Boltzmann's  constant,  and  T  is  the  tempeiHiurc  in  keivin,  and  x  ihc  ferrofluid 
susceptibility  which  is  0.4  in  .SI  units  for  our  sample  and  for  an  applied  field  ranging  in 
strenglii  from  zero  up  to  4(X)  G. 

The  behavior  of  tin  ferroHuid  emulsion  is  studied  using  optical  microscopy  and 
sutic  light  scattering  technique.  The  sample  is  loaded  in  a  Hat  thin  cell  having  a  thickne.ss 
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ol'  25  +  5nm.  A  homogeneous  external  llcld  is  set  perpendicular  to  the  cell  surface  and  is 
produced  by  a  coil  to  prevent  the  magnetic  boundary  from  forming  image  dipoles.  The 
applied  magnetic  field  is  varied  from  0  to  380  G  (A  =  1071  with  a  rise  time  constant  of  80 
ms.  A  pair  of  car  batteries  is  used  to  supply  the  current  to  the  coil.  The  .static  light 
scattering  measurement  is  perlbiTned  using  an  air-cooled  Ar  ion  laser  directed  perpendicular 
to  the  surface  of  the  cell.  Scattered  light  is  displayed  on  a  screen  behind  the  cell,  collected 
by  a  CCD  camera,  and  recorded  by  a  VCR.  A  LED  light  indicator,  controlled  by  a  .switch 
which  turns  on  the  magnetic  field,  is  put  at  the  comer  of  the  screen,  which  turns  off  at  the 
instant  when  the  coil  becomes  magnetized.  The  .signal  from  the  super  VMS  video  tape  is 
then  .sent  one  frame  at  a  time  to  a  Macintosh  computer  for  pixx.'c.ssing. 

3.  Results 

Figure  1  .shows  die  evolution  of  the  scattered  light  intensity  measured  ns  a  function 
of  the  .scattering  wave  vector,  q.  over  a  period  of  two  .seconds  after  the  inagnciic  field  is 
applied.  In  Fig.  I  the  scattered  light  intensity  is  azimuUially  averaged  over  constant  q.  The 
volume  fraction  is  <p  =  0.0.3.  'Hic  scattering  wave  vector  q  is  defined  to  be  4jt*,Sin(B/2)/A,j. 
where  0  is  the  angle  between  the  incident  and  scattered  light  inside  the  sample  and  A,;  is  the 
light  wavelength  in  the  sample.  As  shown  in  the  Fig.  1.  al  t  =  0  the  seailcring  pattern  is 
c.s.sentially  flat,  cone.sponding  to  a  liquid  pha.se  with  droplets  dispensed  randomly.  At  i  = 
0. 1  s,  a  ring  appears  in  die  .scattering  pattern.  The  peak  inmn.sily  of  die  ring  increa.ses  with 
time,  whereas  the  peak  position,  qnuu.  ‘d'  the  ring  decrea.ses  with  time.  This  indicates  the 
occurrence  of  the  phase  uansitioii  from  a  random  to  a  partially  ordered  "solid"  structure. 
The  new  structure  has  a  characteristic  length  scale,  d  =  2ji/q,na)i.  which  grows  witli  time. 
After  one  second,  a  weak  second  ring  at  a  higher  q  than  qmax  .starus  to  develop  in  the 
.scattering  piutcrn.  This  ring  i.s  believed  to  be  the  sceoiid-order  harmonic  of  the  first,  inner 
ring.  After  two  seconds,  no  further  change  in  the  ring  paiiern  i.s  observed,  the  structure 
trco/>0o  • 


194 


c 

3 


100  r 


S  CO  h 


(D 


60 


£  40 

w 
c 
a> 

JE  20 


2  3 

q  (1/Mm) 


Hk-  !•  StiUlcrod  lislil  inlciisity  (iubilrary  units)  is  iuimiiUiidly  avcraywl  over  consuuil  q 
anil  plotlcd  as  a  riiaclioii  nl  scallcriii)!  wave  vcelor.  q.  lor  various  lime  alter  applying  a 
niagneiie  field.  Hie  inapiietie  field  H  is  applied  in  a  step  lunttioii  Iroiii  0  lo  ISlXi  (A  = 
107)  wiUi  a  rise  lime  les,s  Uian  80  ms;  tlie  volume  I'raelion  0  used  is  0.03  and  die  eelt 
Uiiekiiess  L  is  2.1  urn. 


Tlic  growth  of  ihc  .solid  slruolurc  is  measured  from  ihe  peak  posiiioii.  ijuiax'  >0 
.scaltering  pimem  of  Fig.  1  as  a  func'.'.Oii  of  lime.  Fig.  2  .shows  Ihe  results  where  ihe  same 
measurement  is  performed  for  olhei  volume  fraelions.  These  daia  are  very  dilTereiU  from 
re.sulLs  obtained  by  others  in  le.ss  eonfmed  or  uneonfined  sy.siems'  First,  q,,,;,,  deereases 
.sharply  and  quickly  reaches  the  a.sympu)lie  value  q^,  ai  i  >  u;  here  is  =  O-.l  s  instead  of  the 
10  min  or  more  exhibited  by  the  eoansening  of  very  long  chains' ■^.  This  means  that  the 
phase  iransition  from  a  randomly  dispensed  liquid  phase  lo  a  partially  ordered  solid  phase 
occurs  within  0..‘i  s.  Second,  the  formaiion  of  chains  and  the  coarsening  of  chains  to 


columns  nil  occur  wiihi.i  ts-  Thcrclbrc.  from  our  data,  the  two  proccs.scs  cannot  be 
distinguished.  Finally,  if  we  try  to  fit  our  results  with  a  power  law  .similar  to  tho.se 
obtained  in  the  systems  of  references  1  and  2,  wc  find  that  the  data  in  Fig.  2  can  be  fitted 
by  a  power  law  qmiu  -  l  ’**  *■’  t'nly  for  0  <  l  <  2  s.  that  i:;,  in  the  region  before  complete 
.saturation.  Since  an  asymptotic  value  of  q„,;m  is  mached  for  t  >  t,,  a  general  function  of  the 
form  ci/(,  C2t-t)  +  C3  fi's  the  data  much  better  over  the  entire  time  range  measuied.  Where 
C],  C2,  and  c^  are  constants.  C2  is  proportional  to  ts  and  ct  is  the  asymptotic  value,  q.s.  as  t 
goes  to  infinity. 


I'iK.  2.  1  lie  peak  isi.silioii,  obuiiiicil  froiii  I'iji.  1  is  plotted  as  a  limelioii  ot  time. 
It  also  shows  results  lor  oilier  volume  Ir.ielioirs  ohuiined  under  the  similar  eondiiioiis. 
Hie  solid  lilies  me  filiiiia  ot  Uie  luiiciUm  =  ei/(e2+l)  +  ei. 
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Furthermore,  by  comparing  the  results  obtained  Tor  dilTerent  volume  rraction.s  in 
Fig.  2,  we  find  that  the  saturation  lime  ts  i.s  independent  of  the  volume  fraction  for  O.OIS  < 
0  <().{}.  The  final  value  of  q,s  varies  but  .slightly  with  volume  fraeti.  .  . 

The  growth  of  the  columns  can  al.so  be  inferred  from  the  peak  intensity  of  the  ring, 
•max-  it-''  it  function  of  time.  The  nisults  are  shown  in  Fig.  ?>  for  the  .-^ame  range  of  volume 
fraciion.s  shown  in  Fig.  2.  The  peak  inten.sity  inerea.ses  .sharply  with  time  and  saturates 
even  earlier  than  qmax-  fTrD.OlS  <  0<  0.082,  the  measured  .saturation  time  is  about  0.2 
s.  rhus  the  formation  of  chains  and  columns  must  take  place  during  that  short  period. 
Whereas  the  .slight  increa.se  of  l,|,ax  >■!  tlie  time  period  t,;  S  t  <  2  s  suggests  the  lightening  of 
the  droplets  within  the  columns,  thus  increasing  the  di'Tercnee  in  index  ol  reneciion 
between  the  columns  and  their  surrounding  lluid.  For  i  >  2  .seconds,  the  peak  intensity  i.s 
constant,  eoiTcsponding  to  the  freezing  of  the  sUueture. 

At  higher  volume  fractions,  0  >  0.12,  Fig.  shows  that  the  time  required  for 
structure  formation  extends  to  0.4  s.  so  that  the  slope  deerea.ses  by  a  factor  of  two 
ct'inpared  to  that  at  lower  volume  fractions.  Therefore,  it  takes  twice  as  king  to  complete 
the  initial  structure  formation  for  0~  0.1.'^  as  for  0  =  0.0.^.  If  the  rate  of  chain-chain 
coalescence  is  constant,  a  larger  column  should  requiie  a  longer  time  to  form.  Intuitively, 
we  may  attribute  the  difference  in  rising  time  in  Imax  of  columns  formed  for 

'.hc.se  two  volume  fractions. 


Fi^.  4  ii,b.  Microscopi.’  image  shows  the  cross  section  of  the  stnictuie  after  the  final 
magnetic  field  (1  =  38()G  (A  =  107)  is  reached  and  the  stmetme  freezes.  Here  h  =  25  urn. 
and  the  burizooial  width  of  the  image  corresponds  to  80  pm.  (a)^  =  0.03.  (b)^=  0.12. 
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Kig,  3.  Tlie  peak  imciisUy,  1„„„  obiaiiicd  from  I'ig.  1  is  plotted  as  a  ruiteiioii  of  lime. 
Re.sulls  for  olbcr  volume  fractions  oblaincd  under  the  similar  condiiiuns  are  also  plotted 
for  comparison. 


Figure  4a  and  Fig.  4b  .shows  the  micro.scopic  image  of  the  final  suuciurc  for  (a)  0 
=  O.O.f  and  (b)  =  0. 12  after  rapidly  applying  a  magnetic  field  to  the  .sample.  A  cross 

.section  of  columnar  structure  is  observed  at  the  lower  volume  fraction  whom  the  columns 
have  equal  size  ant>  arc  equally  spaced.  Similar  columnar  structure  is  observed  for  0  up  to 
().0S2.  In  contrast,  a  worm-like  pattern  is  observed  for  0>O.\.  The  area  of  each  ''worm" 
in  Fig.  4b  is  roughly  twice  the  cross  section  of  a  column  in  Fig.  4a,  which  may  account  for 
the  dilTcrcncc  between  the  ri.se  limes  of  Imax  for  1*10  two  volume  fractions  shown  in  Fig. 

The  .structure  evolution  show.s  an  iiuriguing  scaling  behavior.  If  the  intensities  of 
Fig.  1  are  normalized  to  the  peak  inicn.sity,  Imax-  nnd  the  wave  vectors  normalized  to  the 
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Amillicr  inwrcsiing  staling  is  I'ound  when  ihc  runttion  U,  detined  as  the  peak 
intensity  multiplied  by  the  square  ol  the  peak  positiwn.  is  pltilied  as  a  iuitelion  of  time.  Fig. 
6  shows  the  results  lor  0  =  0.03.  For  t  <  0.2  s.  G  increase  linearly  with  time;  ihereal'ter,  G 
is  independent  of  time.  Tlte  same  results  are  also  found  in  other  volume  fraetions  up  to 
0.082.  At  0  =  0. 1 3  the  linear  region  extends  to  0.5  .s.  al  ter  whieh  a  eonstant-G  legion  is 
observed.  Our  result  is  veiy  similar  to  the  result  found  leeently  in  colloidal  aggregation,s‘>. 
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Ki({.  6.  'Ilic  tliim  <il  I'ij;.  1  .show  a  linciu'  iiwrcasc  in  Ci  =  l.iui  m  ciirlier  timc.s  and 
Ivvul  off  (0  u  conslaiu  value  a(  lulur  Uinu.s. 


4.  Conclusion 

Our  initial  experiments  Ucmonsirate  that  the  confinement  of  ferrolluid  emulsions  in 
the  applied  field  direction  strongly  affects  the  rate  of  structure  evolution.  In  contrast  to  the 
long  time  (-  10  min)  required  for  chain-chain  coarsening  in  others  experiments  '  with  le.ss 
or  no  confinement,  we  do  not  observe  the  coarsening  p'oeess  to  be  the  lone  process  in  a 
thin  cell  of  25  pm.  The  .strong  repulsive  interactions  between  short  chains  or  thin  columns 
prevents  them  from  gathering.  The  lime  Uiken  for  completing  the  phase  transition  is  found 
to  be  less  titan  0.5  s,  which  is  much  shorter  than  the  10  min  ob.servcd  in  ER  fluids'  and  in 
MR  lluids  in  larger  containers^.  It  is  the  relatively  strong  dipole  repulsion  between 
columns,  which  prevents  the  columns  from  coarsening  further,  that  enables  the  sample  in  a 
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ihin  cell  U)  complcle  phase  iransilion  much  faster  than  in  a  thick  cell.  This  hypothcsi.s  is 
also  confirmed  by  comparing  the  microscope  images  we  obtain  with  different  chain 
lengths.  The  column  width  increa.ses  with  the  chain  length'**.  The  rate  of  .structure 
formation  is  cs.scntially  independent  of  volume  fractions  in  the  range  of  0.0 1 5  <  0  <  0. 13 
for  fixed  cell  thickne.ss.  Very  good  .scaling  has  been  ob.served  in  the  relation  between 
.scattering  intensity  and  scattering  wave  vector  during  the  structure  formation. 
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The  Role  of  Suspension  Stnieture 
ill  the  Dynamic  Response  of 
Electrorhcological  Suspensions 
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I*-  I  olllirilie.l  h\  e\perMlie||t  |  l|e  response  |s  |nnil<|  loe.vlnlilt  a  sliaVp  'hspefsloll  llwil 
is'Mily  lirnaileiied  s|,g||ll>  li>  pi>lvi)ispert<ily  Nonlinear  •leioi’in.'iitnn  is  loniut  In  signil 
uaii(l>  hroaih-ii  Mu-  o!.se(\e<l  <{tspersioii 


I  Introduction 

SiiLii'  llii'  i-riily  invest  inal  iuii'i  (it  elei  I  roi  liedlony  (I'.Kl  I'V  Wiiixliiw  ciiiisldeitilile 
eHitrl  tins  Iteeil  Ini  used  on  iindelHliUidinn  I  lie  steady  sIkniI  res|>nlise  nl  I'di  Hllspeiisinns. 
Mnsl  |iiii|insed  ,i|)|i!ii  iiliniis  however,  such  as  ellnilie  liloillils.  shoi  k  ahsorheis.  iifiikes 
and  (  In I  cites,  m  l  mil  oi  s,  and  i  out  rol  valves.  o|>ei  ale  ;ii  limn  il y  in  1 1  ii  iisleiil  i  >i  |)ei  lodn 
inodes.  Iteliitivelv  lilth'  ellorl  has  heeii  dlrecli'd  Inward  this  aspecl  ol  and  as  a 

residl ,  nnr  iindei  sl  aiidinn  nl'  1  raiisieill  responses  is  lackint!,,  ildlihil  ilij!,  I  he  (levehipiiieiil 
(li  I'.U  lechiioiony  In  iLs  lull  potential. 

Ill  this  paper,  we  disi  iiss  nnr  I’eceiit  invesliuat inns  of  the  dynamic  response  of  I'di 
siispensioiis.  I'lxpeiiiiienlal  Work  with  model  alnmiiia  suspensions  is  compli'mented 
with  particle-level  sinuiliilioiis  desi^neil  to  reveal  microscopic  iiiechanisius  responsi 
hie  lor  nlisei  ved  heliavini.  I'he  simiihilioti  melhoil  is  oiiUined  in  .Section  2.  lolkiwed 
hy  a  desi  iiplioii  of  niir  experiinenlal  iiielhods  in  Section  d.  The  resnlts  of  these  in 
vestijiatiolis  are  discussed  in  Section  -1.  I'he  small  amplitude  responsi'  is  found  to 
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H  u'lativrly  sliav))  dispcrsioii,  duo  U)  a  fro()ii<Miry  €lc|)i-iiili'iil  slriulmi'  pm 
iliicod  l)y  iIk'  Cuinpol it.ion  lu'lwooii  oloilrost.iilic  and  liydioilyiiainH  lories  1111111);  on 
I  ho  pai  l  ic  los.  I’olydisporsil y  is  found  to  have  lill  lo  iulliioiioo  on  l.hc  luoadlli  of  llio 
dispoi'.sioii,  wlii'ieas  iionliiu-ai  doformuliou  is  found  lo  si(!;ni(icanl.ly  all.oi'  llio  lioiiiu'iii  y 
dopoiuloiii  o  ul  Uio  inoihili.  ( 'oiiclusi;)ns  Irom  this  ivoik  ai'o  siiniiniiii/.oil  In  Socliini  h. 


2  Model  and  Simulation  Method 


llio  mill oscopii  model  uHod  liero  lo  dosciilio  KU  Mis|>onsiinis  Inis  lioen  disiiissed 
pii  viunsl;  lleio  wo  oiillino  Iho  lealiires  leiiuirod  lor  llio  presi'iil  disrnssion. 

I'.lf  siisponsioiis  are  lieated  ;us  nenlrally  lnioyanl.,  Iiard,  elass  A  ilieleelrii  sphoros 
(dioleet  l  ie  eonslanl  i,,l  immersed  in  a  class  A  dielecirie,  Newtonian  eonrmiions  phase 
(dioleel  rie  eonslanl  viseoiily  1;,-).  All  ilio  spheres  possess  the  same  dieloelrie  eon 
slant,  hill  lan  heol  dilloreiil  size.  Applieal  ion  oi  an  eloel  rie  held  polarizes  I  he  spheres, 
indiieinn  elei  I  rosi  al  ie  inleriielions  helwoeu  iheui,  and  holween  each  sphere  and  the 
eloelrodes.  I'lie  eonlinnons  phase  is  Irealed  as  a  eonlinnnm;  ils  preseiiee  iiillneiiees 
only  I  he  niiinnil  nde  of  the  elect  lost  at  ie  inleraelioiis  iind  1  hi’  hvdi  ody  iiamie  resisl  am  e 
on  each  sphere,  for  lar);e  part  teles  under  hirne  elei  I  rie  lii-hls.  eolloiihil  and  lirowniaii 
forces  are  nej;li(>ihle 

Nejileel  iiiK  inert  ia  I  erms.  I  he  inol  ion  ol  sphere  1  not  near  an  eleel  rode  is  no\'ei  ned 
hy 

I'MIK,})  (h  (I) 

where  is  l|ie  resnllanl  force  aelinti  on  particle  i  due  lo  the  coni  rilinl  ions 

dese  rilled  a  hove,  which  depeinls  on  the  posit  ions  of  all  the  sjiheres,  hap  (  1 )  represent  s 
a  coupled  set  ol  eipiat  ions  t'overnint’  I  he  mol  ion  of  all  I  he  spheres  not  nenr  eleel  roiles 
(the  mol  ion  of  spheies  lietir  eleit  lodes  is  I  rented  lielow).  Soil  1 1  ions  for  I  liese  eipial  ion.s 
reipiiie.s  explieil  expressions  lor  the  forces. 

I  he  eleel  lost  al  ie  |(il'ie  on  sphere  I  (diaiiielei  .t,  )  al  the  ori);in  of  a  spherical  eoor 
diiial  e  i,>  stem  due  I  o  sphere  /  (di.mietei  rr^ )  iil  (  (se<’  h'lj;.  1  )  is  1  real  ei|  in  1  lie 

poilil  dipole  limit 


sill  'Jd, 


(3) 


where  (rr,  )  rr^l/'d. 


i 


'  'll 


Hi  A,’,  \ 

(Tl  Xj  )  'J  ' 


(•■i) 


ii,  S.SM'J  X  U)  h/m,  yf  —  ((,,  -  <,)/((,,  I  '2<,),  and  Tills  force 

represents  the  int,i‘ra(  I  ion  helwis-n  cUlss  A  dieleelrie  hodies  in  a  class  A  dieleetrie 
eontitnions  phase,  and  is  expei  l.i’tl  to  he  the  leailinj;  order  inleraelioii  for  such  systems 
(si'c  rel.  [.'■)]  lor  a  discussion  of  aeenrale  eaU  nhilions  of  int.erael.ions  heUveen  dieh’cl.rie 
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I'igiiri'  I  II'  ili.'iKi'iiiiiM  uliiiwiiiK  llii'  ni'iiiiicl rirn  iif  llir  slii'aml  .siirt|irnsii)ii  ami  s|ilii'ri'  pairs 

'I'lic  Itiilluni  I'lcrl rmli’  is  lii’lil  fixril  ami  llif  lop  alcrlriHli*  is  ‘lispliii’i'ii  in  Ihr  i  diri'i'tioii  /i,,  is  ila- 
l■('llll■r-lo■l■^^lll'l  si'paral ion  ami  0,j  is  (Im  aiinli'  In'lwoi'ii  lln-  liin'  of  I'l'nli’i's  ivml  llm  ap|ilii'il  l•l^l'll■|l• 
lii'lil. 


splii'i'cs),  I'ur  sysiciiis  llinl  rimiliicl.,  cilluM'  dui'  lo  tin’  iiri’sciiri’  nl’  iiniliilr  cliiirnc 
('iii'i'ii'i's  or  liy  I'aiiii'  iiK’i  linnisiiis,  this  rcpri’sciilnl  imi  is  mil  likrlv  In  lie  i  iii  ii'i  l , 

I'xct'iit  ill  Llic  liniil  uT  luiji<  IV<’(|ii<'m'i(’s  vvlnTf  char)'*'  oairii'i's  fiui  no  luiiRcr  n’s|H)ii'l  In 
till’  varyiiij;  I'lcclric  lii'ld  Ui  an  cxlciil  .siillii’icnl  Ui  alter  l.lii'  furre  ilesriiln’il  above,  In 
this  sil.iiiitioii,  till'  (lieli’ct.rie  const aiiUs  repn'senl.  the  values  ineiisiireil  at  tlie  electric 
lielil  slreiif'lli  (iiid  rrei|iiency  i'in|)loye<l. 

'I'lie  liydrodyiiiunic  I'orce  on  sphere  /  is  represented  by  the  Sloki’s'  draj;, 


where  li  '  (U,)  is  the  niiibieni  llnid  vehnily. 

l  ire  hard  sphere  inleraclion  is  represented  by  a  shorl  raiipe  repulsive  lone 


1'’! 


■'VI,)  .-/.•(rr„o,:exp(-  J  )  ‘V- 


(•">) 


'I'Ik’  hard  s|)liere/liard  vvall 
1  ion, 


interaction  is  represented  by  a  similar  siioil  r:iiip,e  rime 

(b) 


-TTOP.rr.:/  /-...exp  -  )  !1, 


Hi 


0.0  I  IT, 


where  //,  =  Lzj2—  \  |,  /,.  is  the  electrode  gap  width,  and  it  is  the  unit  normal 

vr’Ctor  directed  from  the  eler  lrode  into  the  siisi>ension. 


205 


IiKf)! poial.iiij;  tlu’SO  forces  into  (I),  llie  ei|iiali<))i  of  niolioM  for  splierc  i  is 
writleii 

-  i:F:;(/fo.0o) + z  <(/<,.«:,) + Er7v^.."o)  + 

(7) 

riie  primes  In  llie  second  simunal.ion  iniii<':vle  I  lie  elei  l.iost,iU.ic  force  lietween  sphere 
i  an<l  Lin-  iniane  of  sphere  j;  l.liese  fort  es  are  suiomed  over  all  iimij'es  of  all  spheres, 
incuiding  'hose  ol  sphere  i.  I'ln'  tlonlile  prime  in  (he  Ihlrtl  summation  indicates  tliat 
repulsive  forces  are  evahiatisl  hetween  sphere  i  and  ail  s|)heres  /  /•  i.  its  well  as 
hetwet'ii  sphere  i  and  the  electrodes.  Ivpiation  (7)  jroverns  the  motion  of  spheres  not 
near  an  electrode  surface.  .Spheres  within  <S,„  =  of  an  electrotie  are  considered 

stuck,  and  a-ssume  the  lateral  velot  ity  of  the  electrode.  'I'liis  stickiu(>  i  oudition  is  liasetl 
on  experimental  ohservatitni,  and  is  Ireateil  in  the  simpiilieil  modt'l  (or  mouoilisperse 
i'-U  suspensions  in  ref.  [(i)  .  I'lu'  etpialions  noverninK  Ihe  motion  of  stuck  s|>heres  in 
polydis|)erse  sus)>ension.s  i>  niven  lielow  in  dinitmsionli'ss  form. 

The  etpiation  of  motion  is  maile  tlimensionh'ss  with  the  following  st  ales 


7.,., 


Ariilr 


«« »l<r 


i  yj  ,  >t  , 

;  '  *'o  »  '.n 


where  rr„  is  (lie  diameler  of  a  reference  sphere,  taken  to  he  that  of  the  larKest  sphere. 
The  e<pialii-n  tif  tnotioti  iti  dimetisioidess  form  for  sphere  /  not  near  an  elect  rode  is 
written 

</(•:  I 

1^1  i  N  . 

o 


>11- 


i  It  "’(Ih  )< 


(S) 


u.'' 

where  the  asterisks  denot<'  (limetisionless  (ptatitities.  The  eipiatiotis  p,oveininp,  the 
tiiotion  of  st  uck  spheres  are  writtiMi 


iiy 

(if 

(If 

<1^: 

(if 


'j  ..  u> 


'  \j/i  f  .»/» 


i 


(!)) 

;io) 

(11) 


where  lu-  ia  the  k'’'  loiitponeni  of  the  electrode  vidocity. 
the  followin(>  amhient  (low  prolile: 


/  l'\ 

u  (r, )  =  w  7o  I  2,  +  ,j-  cosu;  f  e,; 
where  w’  is  the  dimensionless  frecjuency  and  70  is  the  strain  amplitude. 


this  jiaper,  we  cousii.ler 

;  (12) 
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l'.(|iiivl  inns  (7)  (II)  i'c|j|'i'si'iil  a  iui<  riisrnpir  iikkIcI  liir  l‘,H  siis|)(iisiiilis.  Diini'ri 
sMinal  iiiiaivsis  nl  llicsc  i'i|Uiil  iolis.  ilrsi  r  ilii'd  licln'v.  piiiviilcs  si  ahnu  iiilor  iinil  inn 
niiiDii^;  viirions  <|ii;iiil  il  li-s,  Inil  riiilliii  iiivi-sl  inn  ol  siis|)<'iisinn  liclnnini  ri-iiiiircs 
sniiitinns  uf  iIm'sc  <'(|Ii;lI In  nl>tiiiii  I  iir  sjilicii'  jxisilinii.s  iis  ii  luiiclinri  nl  linn', 
mill  ,siilisi'(|Ucnl  l>  llic  rln'nlngiral  |)ni|)i'i I ics.  I'vvn  ini'llnxis  nl  solillinii  liavr  Iwcn 
(‘in|ilnvi'<l;  ilynainir  siinnlal  inn  ami  insular  |x'rl  urlial  inn.  In  lliis  I'l'pnil.  wi'  nsn  lln- 
1 1  ynainic  sinnilnl  inn  ini'l  Inxl.  (.Six'  rrl.  [7|,  fnr  disi  iissinns  nl  I  In’  |x'i  I  in  lial  inn  iin’i  linds 
a.s  well  as  nllx’i'  anilin  nl  Mows.) 

I  111'  (ly  1 1  all  lie  .siiiuilal  inii  I  t'l'liniiinri'inplnys  iliri'c  l  iiiinn'rn  al  inli'Ki  at-inn  nl  l  .qs.  ( .S) 
(II).  /V  splii'i-.'S  ail'  plan'd  Ix'lwi'i'ii  I'li'cli'ixIi'S  al  --  iiL'j'l.  and  williin  pciinrlic 
Ixiundiu'ics  al  /’  --  ±1,1/2.  i/’  -  ±L‘J2.  Siinulal inn.s  in  Uvn  dinn'iisinii.s  arr  |)i'r 
Innin'd  by  plai'inn  all  spin'ii's  in  a  plain-  //'  =  iniisUinl..  S()ln'n's  arc  placed  rainlniiily 
nr  in  a  prcscrihcd,  liiamifaiiiircd  <'nnlif;iiral.inii.  I■',(|nal.inll  (D)  (II)  arc  inlcHialcd  ini 
iiicrically  Inr  cacli  .sphere  iisiiifi  I'iiiler’s  nielliod,  willl  a  lime  step  Al’  £  ■ 

I'ni  ces  are  evaluated  wil  liin  a  ciilnir  radius  ;•*  =  /-*/2.  I  'nr  rlienlnuii  al  sinnilal  inns,  a 
iliel  a.st  aide  si  rncl  lire  is  lirsi  nhlained  by  iiilenral  iii);  I  lie  eipial  inns  nl  mnl.inii  under  no 
llnw  iiiilil  1 1  ml.  ion  cea.ses.  Aflei  I  In'  iiielaslable  sl.riicl  ure  is  nbl.aiiieil.  sinnilal  inn  niidei 
tile  desired  llnw  is  benuii.  I'nr  nscillainry  shear  siinulal iniis,  llie  runs  are  perlnriiied 
until  all  Iran.sields  decay,  and  llie  inolinli  nl'eacli  spln-ri'  is  perindii’,  I  he  resDniises  nl 
struct  nil's  siiuiilaled  in  this  slndy  were  linear  Ini  strain  ainplil  ndes  •jn  <  III  '  (and 
|x'rha|)s  larger). 

Once  the  sphere  pnsiliniis  have  been  deleriniiied  as  a  Inin  linn  nl  lime.  I  he  rhen 
|nj;ical  prnpeitii's  can  be  evalnaled.  riie  Inl.d  stress  is  I’niiveiiienl  l\  I’Xpl'i’ssed  .is  a 
snin  of  direci  eleclrnslalic  and  hydrndyiianiic  cniil  i  ibiil  inns  * 


/.Ml  )  , 

IT  IT  I 


(Id) 


'I'his  distinction  between  I  he  cniil  I'ibiil  inns  is  arbilrary.  bill  is  chnseii  because  llie 
hyilrndyiiainic  I'niil  ribnl  inn  vanishes  as  ihe  deinriiialinn  rale  vanishes  nr  w  hen  I  he 
snlvi'iil  is  ri’innvi’d,  whereas  I  he  elect  rnslal  ii  i-nir  "11111111)11  may  remain  in  bnlli  siln 
at  ini  IS.  'I' he.se  cniil  ribnl  inns  are  iinl  iinlependenl .  as  bnl  h  eli’cl  rnsi  lU  ic  and  lyvdrnd  v 
namic  I'nices  inlbieini'  llii’  .niispeiisinu  slriicl.  re  and  li’'nce  bnlli  cniil  ribnl  in'is  In  iln 
stress.  Siiici’  elasliciU  arisi’s  Irniii  imii  hid  .  dviiaiiin  Inries  we  cniisidei  mily  llie 
diri’cl  ell'l  l  rnsI  al  11  cniil  ribnl  inn  In  llie  stress,  winch  is  eNplesi.ed 

"M'-i  ^ 1  «•;('•)! I.  mi 


where  cr’.(  /  ■ )  is  I  lie  diinensinnless  I  inie  dependeiil  shear  si  res.s  adilit;  ill  I  Ix’  /■  ilii  ei  I  mil 
on  a  plane  nnriiial  In  Ihe  ;  direci  imi.  ,/ '','''**1  { rj  {/' ) } )  is  l  he  Inlal  diinensinnless  eh'c 
linslalic  pins  shurt  raiine  repulsive  force  ailing  on  splii'ie  /  in  Ihe  c  direclinn,  and 
I  ’  is  I  he  dimeilsiiinless  silspeiisinii  vnlniiie. 

I'm  lineal  nscillainry  shear.  I  he  response  can  lx-  represeilled  by  Ireiiin  ncy-dependenl 
stnrage  |(■,''*(uJ"  )|  and  loss  |f /"'(li,'*)|  cnmpnui-nls  of  llie  rinie  dependent  shear  stress 


=  a'  +  f7"(m)siiiia0‘  I  ('/"•(u.-’lcns^'*/’. 

T-ii 


(l.b) 
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when-  (■/*  is  i.lio  ciniilibriuin  iikkIiiIiis  arising  from  a  coiisUuit.  residual  st  ress. 


3  Experimental 

lUi<'()logieiil  experiments  were  performerl  using  a  20  wt%  susix'nsion  of  almiiinn  par- 
tieles  in  poly(dimetliylsiloxane)  (I'DMS,  Iluls,  ije  —  0.485  Pa  s,  =  !)70.0  kg/m’, 
(,  =  2.75).  'I'lie  cliclectrie  eonslant  of  alumina  is  found  in  the  literature  ’  to  lie  in  the 
range  8  ID;  for  this  study,  was  assigned  a  value  of  9.  'The  precise  value  of  ,itoes 
not  inlliieiK'e  the  <iiialitative  rc'stdts  pn'sented  in  this  report,  since  (  he  same  alumina 
parti(  les  were  used  in  all  of  the  suspensions.  The  alumina  particles  were  ground  with 
a  mortar  and  pestle  and  then  s'eved  to  ohlain  a  fraction  of  parti<  les  with  character¬ 
istic  dimensions  in  the  rang<’  of  65  90x10“'’  m.  The  alumina  particles  were  spread 
on  petri  dishes  and  heated  in  a  vacuum  oven  at  80°(^  for  (i  8  hours  to  remove  most 
of  tlu'  water,  and  then  added  l.o  the  I’DMS.  (lontact  with  air  was  minimized  during 
suspension  preparation.  Tin'  suspensions  were  suh.sequiuitly  stored  in  a  dessicator. 

Rheological  experiments  were  performed  on  a  liohlin  VOR  rlu’ometer  modiru’d 
for  the  a|)plication  of  large  electric,  lirdds  acro.ss  the  parallel  plat(!s.  This  system 
evaluates  the  dynamic  response  hy  homier  transforming  the  measured  tor(|ue  signal, 
and  reporting  the  in  phase  and  out  of  phase  components  a.t  the  fundamental  frecpiency, 

Potential  dilierences  wr're  supplied  hy  a  Stanford  Rc;s(such  .Systems  function  gini- 
r-rator  (model  US:)45)  and  amplilied  with  a  TRKK  high  voltagr;  amplilier  (nnxlel 
10/10).  An  electric  held  fre<iueney  of  500  11/.  was  usecl  for  all  I'xperiments. 

After  loading  the  sample  inl.o  the  rheonnder,  the  desired  electric  field  was  applir'd 
to  tlu'  suspension  for  approximately  50  minutes  to  ohlain  a  sialic  structure.  Shear 
moduli  were  then  olitained  by  performing  strain  sweeps  up  to  a  strain  amplitride  of 
0.02.  I'Vom  these  curves,  small  strain  plateaus  could  be  identilied,  reprrwenting  the 
linear  resi)onse  (ser;  Fig.  Kt  for  an  example  of  on<‘  of  tlu'se  strain  sweeirs).  Three 
(■('plicates  weri!  pr.'rformed  for  each  (;xperim<‘ut  to  ensuri'  reproducibility.  For  consis¬ 
tency,  exireriments  at  the  largest  desired  held  strength  and  smallest  desired  oscillation 
fr(!C|uency  were  performed  lir.sl,  btdjseciuenl  experiments  weri'  i  hen  |)erformed  in  sm-- 
cession,  without  disturbing  the  samph'. 


4  Results 

4.1  DrnuriLHioiial  Analystfi 

Diinensional  analysis  of  Fqs.  (7)  ( 15)  provides  usr’Iul  infornratioii,  without  performing 
any  simulations.  lnspecti.,  i  of  these  e(|uations  reveals  that  for  linear  rlidormations 
( (.(■,,  [^article  trajr-ctories  that  arr^  linear  in  the  strain  amplitude  7,1),  tin*  dimensioidess 
rheological  response  must  be  a  function  of  oidy  the  dinrensionless  frerpiency; 

(!' 

-^ntuCrlPK'o 


fi 


I  f.'l  )  ’ 


(10) 
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i.c.,  a"  ^  /i(o-'")  and  G"'  =  fi(<j}').  Uiinciisioiial  analysis  does  not  provide  Uic 
functions  /i  and  /2,  but  only  indicates  wliicli  variables  the  <liin<Misionless  iiuxliiii 
must  depend  on. 

To  lest  these  predictions,  experiments  were  performed  using  a  20  wt%  .suspension 
of  alumina  particles  in  PDMS  as  de.scribed  in  the  previous  stxtion.  Shear  m.)duli 
obtained  in  the  linear  limit  are  plotted  as  a  function  of  frequency  in  Figs.  2  and  '1, 
for  electric  field  strengths  ranging  from  300  -  2000  V/mrn.  Uncertainties  in  moduli 
values  are  approximately  ±10%.  These  data  arc  plotted  again  in  dimens, onless  form 
(as  suggested  by  Hqs.  (IG)  and  (17))  in  Figs.  4  and  These  figures  show  that, 
the  dimensionless  moduli  at  all  field  strengths  collapse  onto  a  .single  function  of  the 
dimensionless  frequency,  as  predicted  by  Fqs.  (16)  and  (17).  As  shown  below,  the 
shapes  of  these  dimensionless  plots  are  also  in  good  agreement  with  iiredictions  from 
simulations  (See,  for  example,  Fig.  9). 

As  mentioned  above,  dimensional  analysis  does  not  provide  the  functions  in  Eqs.  (16) 
and  (17),  but  only  ro<iuires  that  these  functions  exist;  these  functions  must  be  ob¬ 
tained  by  solution  of  the  governing  equations,  c.g.,  by  numerical  simulation.  Simu¬ 
lation  results  for  various  model  suspension  structures  are  <iescribed  below.  However, 
the  scaling  relationships  obtained  from  diiiiensional  analysis  provide  another  benefit 
for  probing  ER  suspensions.  Most  rluiological  techniques  permit  investigation  of  only 
a  limited  range  of  froqucncicNs,  due  to  deformation  and  stress  (torque)  resolution,  the 
natural  frequency  of  the  rhcomct<!r,  and  space  limitations.  Electrir  lield  strengths 
are  also  confined  to  specific  ranges  due  to  limitations  of  the  power  .su])p!y,  dielec¬ 
tric  breakdown,  arcing,  rheometer  resolution,  and  electrode  gap  widths.  However, 
dimensional  analysis  suggests  that  the  field  strength  and  oscillation  frequency  appear 
as  independent  variables  only  through  the  combination  w/Ey.  Hence,  dimensionless 
frequencies  can  be  probed  over  a  much  larger  range  than  the  frequencies  themselves 
through  variation  of  the  electric  field  strength.  This  is  illustrated  in  Figs.  2-5  where 
frequencies  are  sampled  in  the  range  0.6  <  ui  <  30  rad/s,  while  (iimonsionless  fre¬ 
quencies  span  the  range  0.3  w‘  <.  6  x  10^.  This  scaling  is  related  to  the  Mason 
number  scaling  of  the  steady  shear  response  of  ER  suspensions  and  was  referred  to 
as  “time-field  strength  superposition”  in  ref.  (4). 

4.2  Simulation  of  Monodisperse  Suspensions 

Consider  first  the  response  of  a  model  structure  represented  by  linear  strands  of 
spheres  aligned  with  the  electric  field,  coliiiecliiig  tile  electrodes  (A'  =  10,  L],  =  10, 
L[  =  10;  sec  Fig.  6).  For  this  structure,  the  storage  modulus,  is  essentially 

independent  of  frequency.  The  loss  modulus,  G"'(u'),  is  negative  but  negligible; 
the  magnitude  of  the  loss  tangent,  ltaii(5(w*)l  =  |G'"*(uj*)/G'*(ui*)l  <  10"^  for  all 
frequencies.  This  simple  response  is  due  to  afliiie  .sphere  motion — each  spliere  is 
displaced  in  concert  with  the  ambient  shear  flow  at  all  frequencies.  Hence  there  is 
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Figure  3:  G"  as  a  function  of  freciuciicy,  u),  and  electric  field  alrc;;"th,  Eo. 
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i''igiiro  (i:  Dyiiivmic  oscillatory  response  (bi  a  5iiii;li  sphere-width  chain  spanning  llie  elcclrotle  gap. 

no  liydiddyr.aniic  l•('sis(;vll<■('  and  no  tiK'ciianism  for  r<‘laxa(.ion.  Since  the  snspeiiKion 
stfuclurc  is  inde[)endeiil  of  fia'qucncy,  the olcclroslatie stnr.ss  (lu).  (  M)),  and  hence  tin' 
moduli,  am;  indepeiidont  of  frerpiency.  [It  is  noted  that  there  is  a  negligible  ndaxation 
assoeiat(;d  with  the  slight  nonalfiin;  motion  of  the  sphtn't's  attached  to  an  eh'ctrode. 
'These  spheres  are  forced  to  translate  with  tin;  electrode,  while  the'  ambient  llnid 
dis|)lacenu'nL  at  the  splune;  centers  dilfer  slightly  from  that  at  the  ('leetrodes.  'This 
elfect  causes  s|)here  motion  to  slightly  lead  the  applied  strain  (at  tin;  top  electrode), 
producing  the  negligihh'.  negative  lo.ss  modulus.) 

'The  strucl'iK’  presenteei  in  fig.  (i  is  an  oversiinplilied  representation  of  the  stru<- 
tnres  eoininonly  (;hservefl  in  moderate  to  highly  coneentrated  fH.snspi'tisions;  eolimms 
of  particles,  several  parti(d<;s  wide,  are  observed  to  span  tlie  electrode  gap,  as  op¬ 
posed  to  singk;  p<'arl-chain  structures,  (lonsider  next  the  respon.se  for  a  sns|)ension 
strnctnre  roprestMiletl  by  thick  clusters,  each  composed  of  the  previous  single-sphere- 
width  strand  with  two  additional  straiuls  placed  along  (;ach  side  of  the  original  strand 
(/V  =:  28,  A'  =  lU,  o'  =  It);  .see  fig.  7).  'I’he  IVerpn-iiey  de|)endent  moduii  for  this 
struct  lire  are  presinitcd  in  I  ’ig.  7.  The  loss  modulus  sc  ales  as  (/"'(uj’)  ~  u,'  at  low 
frecpiencies  and  as  ~  uj'  at  large  frecpieneies,  passing  through  a  maximum 

at  a  diniensionless  frequency  of  u;'  ‘2.'3.  N(;ar  tins  frecjiiciicy,  the  storage  modulus  in- 

creas<;s  from  a  small  frc'cpieney  plateau.  Ti"(()),  to  a  large  frequency  platc'an,  (,''‘(00). 
Simulations  performed  at  70  =  10” '  give  idimtical  results  for  this  structure,  iiidii  ating 
a  linear  response  for  7,1  <  H’”''  (and  perhaps  larger  values).  'The  sha|)C's  of  the  small 
frecpnuicy  jjoi  tioiis  of  the  eui  ves  presentc-d  in  fig.  7  (le*  <  10),  are  consistent  with  the 
shapes  of  the  dimensionless  ex])<!rimental  moduli  curves  presenleil  in  figs,  d  and  .'). 
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Figure  7:  Dynamic  oscillatory  response  for  u  thick  28-8pherc  cluster.  'I’he  solid  lines  arc  cubic  spline 
interpolations  between  the  simulation  data  points. 


This  thick  ciuster  exhibits  a  signincatil,  sharp  reiaxation,  whereas  the  structure 
represented  by  singie-sphere-width  strands  exhibits  none.  Ileiaxation  resuits  from  the 
addition  of  the  side  ciiains,  as  this  is  the  only  difference  between  the  thin  and  tiiick 
clusters.  The  relaxation  inechanisin  becomes  apparent  wlien  tlic  motion  of  individual 
spheres  and  the  overall  deformation  of  the  cluster  arc  considered  in  tlie  small  and 
lar?e  frequency  limits. 

At  very  small  frequencies,  deformation  is  completely  determined  by  llie  spheres 
attcclied  to  the  electrodes — hydrodynamic  resistance  lo  spliere  motion  is  insignificant 
at  ll  ese  small  deformation  rates.  As  a  result,  the  net  elcctrostatic-plus-repulsive  force 
on  eixh  sphere  not  attaclied  lo  an  electrode  is  zero  at  every  instant  (liq.  (14)).  '1  he 
exlensional  and  rotational  components  of  the  quasi-static  deformation  require  that 
spheres  in  stress  bearing  strands  deform  affinely  (with  a  slight  correction  described 
above’,  while  sphere  displacement  in  the  side  chains  possesses  components  in  both 
the  X  incl  z  directions.  'Phis  motion  is  depicted  in  I'ig.  8,  where  the  displacement 
directions  of  a  particular  sphere  in  the  right  side  chain  are  shown. 

At  arge  frequencies,  the  motion  of  spheres  in  the  side  chains  is  significantly  dif¬ 
ferent.  Here,  hydrodynamic  resistance  controls  the  displacement  of  each  sphere.  At 
any  particular  instant,  there  is  still  a  net  electrostalic-plus-repulsive  force  component 
in  the  z  direction,  but  there  is  insufficient  time  during  a  half  period  of  oscillation  for 
the  sphere  to  move  in  that  direction.  This  time,  proportional  to  l/cn*,  vanishes  as 
in*  — ^  oo.  As  a  result,  each  sphere  displaces  only  in  the  x  direction.  This  situation 
is  also  presented  in  Fig.  8,  v/here  the  displacement  of  a  particular  sphere  at  large 
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Figure  8;  llluslraiUon  of  Uic  dynamic  Hi.ructures  of  the  small  and  largo  frequency  limits  for  the 
28-splicrc  cluster  'I'lie  arrows  represent  displaccinciit  directions  of  the  electrodes  and  a  particular 
sphere  in  tlie  right  side  ciiaiii. 


frequencies  is  shown.  Motion  is  afline  in  this  large  frequency  limit.  However,  nolo 
that  this  is  only  true  for  spheres  interacting  through  continuous  reprdsive  forces — for 
two  hard  spheres  in  contact  with  different  z  positions,  at  least  one  of  tlic  splicrcE  must 
be  moving  relative  to  lire  ambient  shear  flow. 

Thus  tlie  dispersion  depicted  in  Fig.  7  is  due  to  hydrodynamic  relaxation  of  electro¬ 
statically  driven  sphere  motion,  providing  a  frequency-dependent  dynamic  structure. 
As  the  shear  stress  is  simply  a  summation  over  position-dependent  pair  interactions, 
the  stress,  and  hence  the  moduli,  will  be  frequency  dependent.  The  critical  frequency 
marking  the  loss  modulus  maximum  is  directly  related  to  tlie  characteristic  relaxation 
time,  which  in  this  case  is  just  a  fraction  of  the  time  scale  d'he  peak  in  G"‘(w*) 
is  pronounced  because  each  sphere  secs  essentially  the  same  environment,  and  tliare- 
fore  the  response  is  dominated  by  a  single  relaxation  time  (factors  that  broaden  tlic 
dispersion  are  considered  below). 

Although  similar  in  some  respects,  this  hydrodynamic  relaxation  mcclianisin  is 
significantly  different  from  that  proposed  by  McLeish  e(  al.  wlio  attributed  re¬ 
laxation  to  the  motion  of  “free  strings”  (single  sphere-width  chains  attaclicd  to  at 
most  one  electrode).  In  their  theory,  free  strings  deform  affinely  at  large  frequencies, 
but  are  able  to  relax  at  small  frequencies  due  to  the  electrostatic  forces,  thus  pro 
viding  a  relaxation  mechanism.  This  mechanism  is  only  likely  to  operate  at  small 
concentrations  where  thin,  unattached  chains  arc  likely  to  exist.  In  contrast,  the 
mechanism  presented  in  this  paper  occurs  within  thicker  clusters  and  hence  will  be 
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Vigurc  9:  Dynamic  oacillat.ory  rrsponsc  for  a  iSO-spher*'  slrm  turc.  'I'lie  lilled  spheres  represent 
periotlie  images  of  tile  open  splietcs.  The  solid  liina>  are  celhc  spline  interpiilations  helween  the 
simulation  data  points. 

active  especially  at  niodcraU’  lo  largt'  (•.oncciilralions.  It  is  signili'-aiil,  liowcvcr,  that 
lioLli  iiuiclianisnis  arise  from  tlic  elec.lroslalic  polarization  inoclcl  for  HR  suspensions, 
and  do  noi  rely  on  fiber  rupture  -dissipation  is  realized  at  infinilesinial  as  well  as 
finite  itrain  amplitudes.  It  is  also  important  to  note  that  relaxation  of  free  strings  is 
captured  by  the  prosenl  model-- however,  only  relaxation  of  Uiick  clusters  typically 
found  in  concentrated  suspensions  is  considered  in  this  (taper. 

'I'lic  rheological  response  (iresentcrl  in  Fig.  7  is  characterized,  to  a  first  approx¬ 
imation,  by  a  sharp  disiiersion  willi  a  single  relaxation  lime.  Fx|teriiiieulal  results 
|■e[)Ol■ted  in  the  literature  typically  do  not  exliibil  this  type  of  Itehavior-  -resitonses  are 
soinetinics  reiiorled  to  be  iiisonsilivc  lo  strain  frerjuency  "  while  in  ot  her  situations 
moduli  values  increase  or  decrease*  willi  frequency  yg,.  simulated  the 

response  of  various  structures,  lu  addition  to  tliose  presented  in  Figs.  G  and  7,  in  order 
lo  delermi.Me  if  the  variety  of  res[)oiises  observ<*d  cx()cr\nienlally  may  be  explained  in 
lerius  of  various  cluster  sizes  and  sha|)es  in  the  linear  res[)onse  of  monodisitersc  IsR 
susitensions  The  results  of  these  simulations  aic  illustrated  concisely  in  h'ig.  1), 
where  liie  sinmlaled  i'es])onse  for  a  suspension  structure  containing  a  distrihution  of 
cluster  sizes  and  sliape.s  in  (uesenled. 

7.50  spheres  were  placed  randomly  in  a  two-dimensional  simulation  cell  of  dimen¬ 
sions  /.")  =  (50, 10).  A  fibrous  structure  was  formed  by  integrating  the  equations 
of  motion  with  u°°*  =  0  until  motion  ceased.  This  structure  was  tlien  sheared  slowly 
to  a  strain  of  4.0,  followed  by  relaxation  to  a  melaslable  structure  (see  ref.  [17]  for  a 
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ipt  iun  uf  siinulivLions  imdor  ;>l.oacly  slicar  relaxation).  I’lie  frccjireiH  V  il(  |><Mi(lcrit 
lo;ss  itiodulua  does  not  ix'coiiu'  l)roa(lor  as  a  rcs\dt  of  tli.'  varions  clnstcr  sizes  and 
shapes  present  (I'ig.  9)  .Arlditional  simulations  in  three  dimensions  also  exliibil.  sliarp 
dispersions,  indicating  tliat  this  ohservalion  is  not  an  artifact  of  sininlations  in  two 
dimensions.  We  eoncinde  that  inonodisperse-  suspcMisions,  conforming  to  the  hcdiavioi 
ri'spresc’iited  hy  onr  model,  exhibit  a  sharp  relaxation  (;.c..  (,''‘(lo‘)  increases  from 
a  low  fiecjiK'iicy  plal.c'an  to  a  large'  frecpiency  plateau  in  ‘2-!i  decades)  under  linear 
oscillatory  delormation.  Broad  dispersions  must  arise  from  features  not  inclndc'd  in 
the  presc'iil  model.  Below  we  consider  two  such  features:  |)olydlspersity'  and  nonlin¬ 
ear  deformation.  Other  feature's  tli.it  may  inlluence  the  breadth  of  di;:persion  inicude 
particle  shape  polydispersity,  and  particle  interactions  that  do  not  follow  the  1''^  dc 
pendeiice  (for  instance,  due  to  the  |)iesence  of  charge  carriers  and  conduction). 


4.3  InJlur.iLcc  of  PolydtKpur.'tit.y 

Simulating  the  dynamic  oscillatory  respon.se  of  polydisperse  suspensions  is  straight¬ 
forward;  sphc'ri's  of  various  sizes  are  simply  placed  in  the'  simulation  cell,  and  size 
de|>endenl  interactions  are  evaluated  as  described  in  Section  2.  I'he  elect  rosi atii  in¬ 
teraction  hc'tween  spheres  of  dilferent  diameters  is  c'ssent.ially  (he  same  as  tiiat  for 
two  sphere's  of  the  same  size  (in  the  poiiit-di|)ol('  limit).  I'he  dipolar  lOiturc'  of  the 
inlc'i'action  is  maintained  for  all  possible  size'  ratios  A,j  =  cri/iTj.  hut  tlu'  magnitude 
of  the  interaction  hc'comt's  a  sc'ii.sitive  function  of  this  dianu'ler  ratio.  In  fact,  in  the 
liiiiit  as  Xij  — >  0  or  oo,  the  map'uilude  of  the  interaction  yanishes,  (lonsidi'iing  tin' 
role  of  electrostatic  interactions  in  the  uonalline  alline  transition  that  controls  the 
relaxation  process,  we  expect  the  presencf-  of  spheres  of  dilferenl  size  to  produce  a 
dispi'rsion  that  Is  broader  than  that  oh.serveil  for  a  monodlsper.se  suspension. 

'I'he  responsi'  of  several  hidispi'ise  suspi'llsion  structures  weri'  invi'stigateil  in  ref. 
[7].  'I'he  response  for  one  realization  of  a  hidispi'rse  suspension  structiiri'  is  presented 
in  I’ig.  It).  Within  the  simulation  cell,  two  largi'  spheres  [a"  -  1)  ar<'  plan'd  near 
the  electrodes.  I'hirteen  small  spheres  (rr*  =  0.2)  ar<'  placi'd  hetwi'en  the  two  large 
sphc'r('.s,  forming  a  cluster  similar  in  shape  to  tlii'  cluster  pri'.senti'rl  in  r'ig.  7.  'Die 
simulated  oscillatory  response  imleed  exhibits  a  broader  lispc'rsion;  the  loss  modulus 
('/"'(a;')  possesses  two  main  |)eaks.  By  considering  thi'  various  ( outrihut ions  to  tin' 
electrostatic  stress,  we  have  (h'lermined  that  the  peak  at  small  freiiuencies  arises  from 
the  electrostatic  iuteraclioiis  between  small  and  large  s|)heres,  wl.ile  the  peak  at  large 
freciuencies  arisi's  from  the  interaction  between  small  splii'res  '.  As  the  dilference  in 
diameters  gets  larger,  the  (reak  arising  from  the  interaction  Ix'lween  small  ami  large 
spheres  moves  to  smaller  freriuencies.  However,  the  magnitude  of  this  peak  also  d<'- 
cieascs  as  the  liiameter  ililference  increases.  As  a  result,  the  inlliu'nce  of  diameter 
dilTerenci'  on  dispersion  broadening  is  restricted.  By  considering  the  response  of  sev¬ 
eral  hidisperse  structures,  it  w;us  concluded  in  ref.  [7]  that  the  polydispersity  does  not 
significantly  broaden  the  rlispersion,  relative  to  responses  ohsi'rved  for  monodis|)erse 
suspensions. 
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4.4  Nonlinear  Deformation 

I’lic  siniulaldd  steady  shear  vespoiisc  for  a  two-ditnoiisioiial  tiioiiodisporsc  suspension 
is  presented  in  Fig.  11.  This  curve  was  generated  by  performing  simulalioiis  on  ten 
randomly-generated  configurations,  cacli  configuration  containing  N  =  bO  spheres  in 
a  simulation  ceil  of  dimensions  [L’^,L\)  =  (10,10).  Tlie  equations  of  motion  were 
integrated  witli  u°°’  =  0  until  all  niotion  ceased.  Simulations  were  tlicn  performed 
with  a  small  shear  rate  of  7'  =  10~®.  The  shear  stress-shear  strain  data  presented  in 
Fig.  1 1  represent  tlie  average  over  tiie  ten  configurations. 

The  response  presented  in  Fig.  11  shows  a  linear  region  for  shear  strains  less  than 
a  “critical"  value  of  7  «  4  x  10”'*.  For  larger  shear  strains,  tlie  response  is  nonlinear. 
The  onset  of  nonlinearity  is  associated  witli  slight  rearrangements  in  the  suspension 
structure;  two  such  rearrangements  are  depicted  in  Fig.  12. 

We  note  that  tlie  rearrangements  we  have  seen  in  simulations  can  be  eitlier  re¬ 
versible  or  irreversible,  depending  on  the  ultimate  strain  amplitude  experienced  by 
the  structure. 

For  these  nonlinear  deformations,  tlie  rheological  response  depends  on  the  strain 
amplitude  as  well  as  the  oscillation  frequency.  This  is  illustrated  in  Fig.  13  where 
expeiinicntal  strain  sweep  curves  [G'(uj,  70)  as  a  function  of  70  at  fixed  w]  are  presented 
for  two  different  situations.  A  strain  sweep  carried  out  at  a  large  field  strength  of 
2000  V/min  and  a  small  frequency  of  0.063  rad/s  is  represented  by  the  circles.  For 
this  situation,  we  observe  a  linear  region  for  strain  amplitudes  less  than  70  w  10“'*, 
followed  by  a  steady  decrease  in  the  apparent  modulus  with  strain  amplitude.  At  a 
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Shear  Strain 

Figure  U:  Stress-strain  eurve  for  a  Ivo-diincnsioiiul  moiiodispcrso  suspension.  'I’lic  data  avwnged 
over  the  ten  conligurations. 


at;'a.ln  amplitude  of  70  —  0.02,  the  storage  modulus  is  itcarly  d  times  smaller  than 
the  I'mcar  value.  The  inverted  triangles  represent  a  .strain  sweep  performed  at  a 
smaller  electric  field  strength  of  300  V/inm  and  a  larger  oscillation  frc<iucncy  of  Ol.d 
rad/s.  For  this  situation,  the  response  is  essentially  independent  of  strain  amplitude, 
decrea-sing  by  only  about  1(1%  over  the  entire  range  of  amplitudes.  It  is  clear  from 
this  figure  that  for  small  frequencies,  the  dynamic  response  is  sensitive  to  the  strain 
amplitude  outside  of  the  linear  regime. 

'Fhe  difference  between  the  two  sets  of  data  in  Fig.  13  can  be  explained  in  terms 
similar  to  our  description  of  the  iionalliue-afrine  deformation  transition.  At  small 
frequencies  and  large  field  strengths,  deformations  in  the  nonlinear  regime  result  in 
rearraiigments  in  the  sn  .pension  structure.  I'hcse  rearrangements  arc  due  to  tlic 
electrostatic  forces  driving  particles  into  positions  where  the  net  electrostatic-plus- 
rcpulsive  force  on  each  splicrc  is  zero  at  every  instant.  At  large  frequencies  and/or 
smaller  field  strengths,  tlicsc  driving  forces  still  exist  (weaker  in  the  case  of  smaller 
field  strengths),  but  there  is  insufTicient  time  during  a  half  period  of  oscillation  for  the 
rearrangement  to  occur.  The  prcci.se  set  of  conditions  causing  the  transition  to  occur 
will  depend  on  the  relative  positions  of  the  particles  as  well  as  the  strain  amplitude, 
and  the  transition  may  not  necessarily  be  sharp. 

Dispersion  can  be  interpreted  as  a  measure  of  the  difference  in  moduli  values 
under  different  conditions.  In  Fig.  13,  Itie  difference  in  moduli  at  two  different  strain 
amplitudes  is  represented  by  the  bold  arrows.  These  arrows  illustrate  that  the  moduli 
difference,  and  hence  the  dispersion,  is  a  function  of  strain  amplitude.  'Fhe  influence 
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I'  igiii'i'  r<!:  liciiniingcmi'iit  iii  siisix'iiHUili  sliiii'tnrr  ilm*  losliciir.  (a)  and  (1»)  di’iauiistral i'  l'l■al■|■llllgI'• 
iiii'iil  wIhmi-  Iwii  i'IiisU  ra  aggrcgatr  to  form  a  siiiglf  i  histrr.  (r)  and  (d)  di-inoiial.ralr  a  ii'Vrrailili 
ii'iirraiigi'iiK'iil  wliarc  llio  lop  spla'rc'  in  llii'  rinsicr  s*  paraUvs  from  (wo  of  its  ncarost  indglilnns. 


ol  slcaiii  aiiiplilnclc  on  l.ln'  of  ilispcrsioii  is  pia'sriilinl  in  I'ig.  M,  wlii’ro  fin 

(liiitonsionlcss  sloriigc  modulus  is  plofU'd  as  a  funcUun  of  diiiK'iisioiilcss  ri'ctiuciicy 
foe  ('xpoiiiinMifal  data.  'I'lio  open  .s^'iubols  rrpic.scnt  tlic  I'csponsi'  for  storage  moduli 
moasiicod  in  flic  limit  of  xcix)  sfniiii  (;.c.,  the  linear  response).  'I'lie  response  e.xliiliils 
a  small  frerpu'iicy  plateau  extending  over  alioul  2  dei-ades  in  diim'iisioiiless  freipiency. 
with  the  dimensionless  modulus  increasing  with  dimensionless  fre(pii'ni:i('s  for  valui's 
above  uj‘  a  10.  l  lie  filled  syiiibols  repre.sent  the  respon.se  whi'ri'  the  moduli  were 
measured  at  a  value'  of  "/o  =  (l.()'2.  In  this  case,  the  dimeiisionle.ss  inodnlus  appears 
to  increase  with  dimensionless  freipn'iicy  over  the  entire  range  O.li  <  u.'*  <  (i  X  10^. 

I  lence,  tin'  dispersion  olrserved  for  ex|)erim<'nts  performe<l  outside  of  I  In'  linear  .'egime 
is  significantly  broader  than  that  observed  within  the  linear  regime,  in  the  iirevious 
.section,  polydispersity  was  found  to  have  an  insignificant  influence  on  (he  breadth 
of  dispersion  for  linear  deformation.  If  is  not  ch'ar  al  this  |)oim  whether  or  not 
polyrlispersily  will  influence  dispersion  broadening  under  non  linear  deformalion. 


5  Conclusions 

This  study  has  considered  the  dynamic  respou.se  of  MH  suspensions,  employing  both 
simulation  and  (’xpi'vimeiital  techni<|ues.  Wr'find  that  relaxation  is  a.sscu  iati  d  with  a 
t  ransition  in  the  dynamic  structure.  At  small  frerpiencies,  splu're  motion  is  dominated 
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by  cU'clroHUiLic  iind  ifpiiiaivi-  forivs,  wliilc  al  largo  rro<iuonrics,  motion  is  dominated 
by  hydrodynamic  force's,  niinensional  analysis  predicts  that  the  diinensionh'ss  r<'- 
sponso  slunjltl  (h'lteiui  only  on  the  diinensionloss  fretpiency  for  linear  deformation, 
which  is  conlintiod  by  rbeological  experiments  on  alniniiui  sus|)eiisions.  Simnlations 
predict  that  tlu:  linear  response  of  both  inonodisporse  and  polydis|)or.se  suspensions 
shoidd  exhibit  relatively  siiav[>  dispersions,  while  nonlinear  deformation  is  capable  of 
prodnciiiR  significantly  broader  dispersions. 

The  simulation  technique  employed  in  tins  .study  is  ba-sed  on  the  electrostatii:  po¬ 
larization  mechanism  of  the  KH  response.  Hence,  we  (!Xp('Ct  the  conclusions  to  be 
applicable  to  suspensions  eonlorming  to  Ibis  misbaniMii.  l  or  I'Xample,  the  electro¬ 
static.  polarization  mcchanisiii  |>iedicls  tliat  the  dynainir'  yield  stress  should  vary  as 
the  srpiare  of  the  electric  held  susniglh;  such  suspensioas  are  expei  l.etl  to  behave  as 
rlesrribed  in  this  report. 

riie  implementation  of  tlic  elcetrostatie  polarization  modi'l  here  treats  eleelro 
static  fore<\s  in  tlie  point-dipole  limit,  ignoring  higher  order  multi|)ole  ami  multihody 
interactions,  while  hydrodynamic  forces  are  treated  .simply  as  Stokes’  drag  ignoring 
hydrodynamic,  interactions.  More  accurate  treatineiits  of  llu'se  fonxss  are  exi)ect.i'd  to 
alter  the  moduli  magnitudes,  and  locations  of  events  in  the  freepiemy  domain,  but 
are  uot  expected  to  alter  tlu;  <iualitativ<'  behavior  di.scussed  b(Mc;iii.  I'bi  lustauce,  this 
simijlified  model  |)roduees  a  relaxation  meebanisin  (Unbodied  in  a  (dimensionless) 
fixxpienc.y-dependent  dynamic  structure;  the  simplilied  forces  produce  n  transition 
from  iionaliiiie  motion  at  small  frecpieneies  to  alline  deforinatioii  al.  largi'  frequencies. 
However,  the  existence  of  a  freqneney-depeiulent  .structure  Iranseeiids  the  level  al 
wliich  the  clcetroslalie  and  hydrodynamie  force’s  are  approximale’d,  'I'he  elcetrostatie 
force  on  a  splierc  will,  in  general,  pos.so.ss  a  component  in  the  direction  of  the  hy- 
drodyuainic  force  ■.veil  a.s  a  eoinponenl  perpendicular  to  the  hydrodynamic  force. 
As  tlu;  hydrodyiiaiuic  force  depends  on  the  o.scillation  frequency,  so  will  the’  ri.'sullaul 
force  on  each  sphere,  providing  a  ficepiency-depemdeiit  slrnctnre  and  a  imu  hauism  for 
relaxation. 

'The  transilio:i  from  linear  to  nonlinear  behavior  is  found  to  depend  on  the  os¬ 
cillation  freciuency,  and  for  small  fre<|uciicics,  is  found  to  arise  a  very  small  strain 
amplitudes  (<  10“^).  Deformation  in  the  eouliiKUir  regime  inoduces  a  significantly 
diirerent  dispersion  than  i  hal  ob.served  in  lh<;  liiuuir  regime.  I’liis  is  particularly  im¬ 
portant  since  iimsl  iiroposed  devices  employing  MU.  technology  involve  rather  large 
deformations.  I'uLnrc  work  will  continue  to  probe  llie  behavior  of  MU  suspensions 
under  such  large  deformations. 
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Abstnict 


'l  llL'  pliiisc  sopmatiim  irilii  ii  lii;,ii-dcnsily  uiid  ii  low-density  phase,  which  occurs  alter 
a  slroii);  electric  ticlU  is  applied  to  an  UK  Iluid.  is  demonstrated  in  terms  ot  the  Coulonih 
inleractinn  enerjjy  ul  the  system.  The  phase  separation  is  manilested  hy  two-diinensional 
pattern  observed  in  the  field  direction  by  means  of  a  pair  of  tran.sparent  plass  (TCi) 
electrodes.  The  development  of  phase  separation  with  an  increasing  field  is  recorded  by 
an  computer  image  processing  .system  consisting  of  a  CCD  video  canicru.  Tlie  patterns 
arc  irregular  and  their  characteristic  sizes  arc  detertnined  by  two-dinicnsionul  auto- 
correlalion  approach.  The  dependency  of  tho.se  patterns  on  extenial  electric  field  is 
analyzed  based  on  stiilistical  methods.  Twe  critical  fields  are  presented  to  chariiclcrize 
the  clcclric-ficld-indiiccd  phase  separation  prtKuss  in  the  HR  Iluid. 

1.  Introduction 

Tlic  dramatic  cliange  in  rheological  properties  of  a  suspension  due  to  the  application 
of  an  external  electric  field  is  known  as  the  electrorheologicai  (ItR)  response,  whose 
potential  value  h;is  recently  attracted  increasing  attention  [1].  An  HR  fluid,  generally  a 
.suspension  of  small  particles  of  high  dielectric  con.stant  in  a  base  liquid  of  low  dielectric 
constant,  can  be  switched  from  the  fluid  to  the  solid  state  when  an  applied  electric  field 
exceed  a  critical  value.  Both  theoretical  analysis  and  experimental  observation  have 
shown  that  under  a  high  electric  field,  chainlike  and  columnar  structures  form  parallel 
to  the  field  direction.  These  structures  arise  from  polarization  forces  produced  by  a 
mismatch  in  the  dielectric  constants  of  the  disperse  and  continuous  phases,  and  is 
responsible  for  the  HR  effect. 

Halsey  and  Toor  [2]  argued  that  the  thermodynamic  ground  state  of  HR  lluids  in  a 
high  electric  field  consists  of  a  phase  separation  into  a  low-density  and  a  high-density 
pha.se,  and  estimated  that  the  columns  have  a  width  about  a(L/a)’'*,  where  a  is  the  radius 
of  dielectric  particles  and  L  the  distance  between  two  parallel  electrodes.  To  understand 
the  behavior  of  the  pha.se  separation  in  ER  lluids,  computer  simulation  methods  .seem  lo 
be  an  effective  way,  but  fail  to  deal  with  a  system  consisting  of  a  large  number  of 
particles  [3].  Chen,  Zitter  and  Tao  investigated  the  phase  separation  and  columnar 
structure  by  laser  diffraction.  Their  observation  was  in  the  direction  perpendicular  to  the 
electric  field,  and  confirmed  the  predicted  bet  lattice  .structure  within  the  columns  14], 
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Because  branched  columnar  structures  in  ER  fluids  generally  align  with  the  electric 
field,  the  formation  of  the  two-dimensional  domains  in  the  plane  perpendicular  to  the 
field  direction  can  supply  important  information  to  understand  the  phase  separation.  In 
the  present  paper,  we  study  the  phase  separation  based  on  the  formation  of  the 
two-dimensional  patterns  observed  in  the  field  direction  by  means  of  a  pair  of  transparent 
glass  fl'G)  electrodes. 

In  the  next  section,  we  will  demonstrate  that  phase  separation  into  a  low-density  and 
a  high-density  phase  should  be  an  universal  phenomenon  in  active  ER  fluids.  And  then 
in  section  3  we  will  present  our  experimental  method.  In  section  4,  we  will  discuss  the 
observation  results  and  some  statistical  properties  of  the  structure  of  ER  columns. 
Furthermore,  we  also  will  demonstrate  further  applieation  of  TG  electrodes  to  investigate 
the  ER  fluids. 

2.  Physical  g'^oiiiid  for  the  phase  separation  in  ER  fluids 

In  'his  section  the  physical  ground  for  the  electric-field-induccd  phase  separation  in 
ER  fluids  is  analyzed  in  terms  of  the  Coulomb  energy  of  the  system.  Consider  a  model 
which  has  been  widely  used  in  the  study  of  ER  fluids.  The  model  consists  of  spherical 
dielectric  particles  of  radius  a  and  dielectric  constant  £p  suspended  in  a  liquid  of  dielectric 
constant  ty  ,  with  >e,.  When  a  strong  electric  field  E  is  applied,  the  spheres  acquire 
dipole  moments  in  the  field  direction,  Pp  =ap£(a’E|«,  where  ap  =  (£p-e,)/(ep-l-2£f),  and  E,* 
is  the  local  electric  field.  Similarly,  the  liquid  is  also  polarized  as  Pf=3o|£o^ilioc.  where 
af=(er£o)''(ef+2£u)>  according  to  the  Clausius-Mosotli  relation[5],  Denofing  ss  to  be  the 
local  volume  fraction  of  the  particles  in  the  ER  fluid,  the  magnitude  of  the  local 
polarization  can  be  expressed  as 

—Tta^ 

3 

where  the  local  electric  susceptibility  of  the  ER  fluid  is 

Xto^"~-<P+(l-'P)3c^  (2) 

47tEo 

Now  consider  local  electric  field  E|,„,=  E  -I-  AE,  where  E  is  the  external  field  and  AE 
is  the  field  produced  by  polarization  v.'hich  is  proportional  to  according  to  the 

L.orentz’s  relation[5].  Introduce  0  such  that 

p”f 

a£=P— -  <3) 

En 


and  then 
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i-px;«(<p) 
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The  total  Coulomb  interaction  energy  of  the  system,  including  dipolar  interaction  and 
interaction  between  dipoles  and  external  field,  is  given  by 


U 


Xtof(<P) 

Il-PXto{(<P)f 


-dv 


(6) 


Next,  we  will  demonstrate  that  in  a  fixed  electric  field,  Uc„  will  be  always  minimized 
when  the  ER  system  take  the  phase  separation  into  a  high-density  and  a  lew-density 
phase  from  a  homogeneous  density  system.  Rewrite  cq.(6)  in  terms  of  probability 
function  as 


where  p(v3)  is  probability  density  function  of  the  volume  fraction  and 

/r(<p)= - ^ ^ 

II-PXfoi(<p)] 

l-Xv?)  is  a  convex  function  with  respect  to  because 

(i-px;l)' 

where  k  is  a  constant  determined  by  the  dielectric  constants  of  the  particles  and  oil  and 
generally  /3  >  0  when  a  low-frcquency  electric  field  is  applied  on  the  ER  system. 

•t  is  easy  to  prove  that  for  a  convex  function  Efy?) ,  the  following  inequality  is  always 
satisfied  when  pfv’lS  0  and  {  oV(v’)d'/’  =  I. 

JJp(<p)F(<p)c/ipaFl|Jp(<p)<pc/i()]  (10) 


(8) 


(9) 
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Defining  ■I'  =  J  up{ip)ipd<p  as  tlie  total  volume  fraction  of  dispersed  particles  in  the 
ER  fluid  and  noticing  for  a  homogeneous  density  (HD)  system 

p((p)=6((p-(j)) 

Therefore  the  total  Coulomb  energy  of  HD  system  is 

U™  =  -le,E^vr6(q>  -<i>)F(ip)d'p  =  -  (12) 

2  ••o  2 

I'or  a  pliase  separation  (PS)  system,  the  total  coulomb  energy  is 

p(<p)F((P)d(p  ( 1 3) 

It  implies  that  when  a  fixed  electric  field  is  applied  upon  an  ER  fluid  system,  it  will 
change  from  a  HD  system  into  PS  system  to  minimize  the  total  coulomb  energy.  In  the 
next  section,  we  will  present  an  experimental  system  to  observe  the  elcctric-ficld- 
induced  phase  separation  phenomenon. 

3,  Experiment  observation 


7G  Electrodes 


rigure  1  The  Expcrimenl  Set-up 


Our  ER  fluid  consists  of  transformer  oil  conlaining  line  dialomitc  particles  (radius 
about  1  fon).  1  he  diatomitc  particles  arc  mixed  with  oil  to  a  volume  fraction  of  about 
0.2.  The  ER  fluid  is  filled  in  a  container,  measuring  10  mm  x  10  mm  horizontally  and 
1.5  mm  in  vertical  depth.  Two  sides  of  the  container  arc  a  pair  of  parallel  transparent- 
glass  (TG;  electrodes,  on  whose  surfaces  have  the  conductive  film,  which  make  it 
possible  to  observe  the  phase  separation  along  the  field  direction.  With  no  external 
electric  field,  the  ER  fluid  in  the  cell  is  a  homogeneous  density  suspension.  When  a  high 
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electric  field  is  applied  to  the  TG  electrodes,  the  ER  fluid  separate  into  several 
high-density  and  low-density  regions.  Analyzing  the  phase  separation  patterns 
(observation  area  5.5  mm  x  5.5  mm)  got  from  a  CCD  camera  connecting  a  PC 
computcr-image-processing  system,  one  could  obtain  some  statistical  properties  of  the 
macroslructure  changing  with  the  electric  field. 

4.  Results  and  discussions 

(1).  Figs.  2-7  are  the  pictures  of  the  ER  fluid  taken  under  a  series  of  increasing 
electric  fields  in  the  field  direction  at  the  room  temperature,  showing  the  development 
of  the  electric-field-induced  phase  separation  in  the  ER  fluid.  Two  critical  fields  E^., 
and  E^2  were  found  to  describe  this  process.  When  E  reached  0.8  kv/mm,  the  ER  fluid 
had  shown  some  ER  effect  such  as  the  vanishing  of  the  floatability.  But  it  did  not  formed 
a  macro-columnar  structure,  as  shown  in  Fig.  3,  until  E  rose  by  E,,  (  1.41  kv/mm), 
Since  then  the  columnar  structure  had  formed  and  the  whole  picture  separated  into 
.several  h'gh-dcnsity  and  low-density  regions  rapidly.  With  increasing  field,  those 
columns  were  becoming  larger  and  larger,  but  .still  separated  from  each  other,  as  shown 


Figure  4  E=  1 .4  kv/mm  Figure  5  E=  1 .73  kv/mm 
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Figiire  7  E=  1.96  kv/mm 


in  Fig.  4  and  5.  When  E  readied  (1.86  kv/mm),  those  columns  connected  rapidly  and 
formed  a  sieve-like  structure,  as  shown  in  Fig. 6  and  7. 


Grav  level  Eioctrlc  Fluid  (kv/mm) 


Figure  8  fhe  Grey  Level  Distribution  Figure  9  Area  Proportion  Below  Some 
Changing  with  E  Specific  Grey  Levels  Changing  With  E 

(2)  All  above  pictures  were  taken  by  a  CCD  camera.  So  the  basic  data  we  got  were 
grey  levels  instead  of  the  particles  density  in  ER  fluid.  However,  there  should  be  a 
deterministic  relation  between  those  '.wo  physical  values,  which  seemed  to  be  a  nonlinear 
monotone  decreasing  function  in  our  experiment.  The  larger  the  density  was,  the  less  the 
grey  level  became  at  a  same  location. 

Fig.  8  shows  the  grey  level  distribution  of  those  pictures.  The  different  curve 
indicates  different  electric  field.  As  .shown,  when  0  kv/mm <  E  <  1.41  kv/mm,  the 
distribution  only  changes  slightly.  But  with  E  further  increasing,  the  curves  change 
greatly  ,  whereas  their  peeks  shift  to  the  lower  value  and  the  distribution  range  become 
wider,  which  imply  that  the  degree  of  the  phase  separation  iiicreases  with  E. 

Fig.  9  demonstrates  the  area  proportion  changing  with  E,  whose  grey  levels  are  below 
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some  specific  values  within  the  whole  observation  area.  No  obvious  change  has  taken 
place  in  all  these  curves  until  E  reaches  the  first  critical  field  E^,.  After  E  is  over  £^2, 
some  of  them  level  off  again  after  a  rapid  change  and  the  others  are  the  new  generated 
lower  grey  level  curves  that  do  not  appear  when  E  keeps  a  lower  value,  which  implying 
that  higher  degree  of  the  aggregation  of  the  particles  in  ER  fluid  occur.  If  one  divide  the 
whole  picture  into  three  regions— region  1,2  and  3,  whose  grey  levels  arc  in  the  regimes 
[0,  62],  (62,  86]  and  (86,  255]  respectively— presenting  the  high-density,  the 
intermediate-density  and  low-density  phases,  as  shown  in  Fig.  10.  he  could  find  that  the 
area  of  region  1  and  3  will  increase  but  that  of  region  2  decreases  while  E  rises. 

(3)  Consider  the  stale  of  a  fixed  point  in  a  picture  to  be  determined  by  the  region  it 
occupies  according  to  the  mentioned  region-dividing  rule,  i.e.,  if  a  point  is  within  region 
1,  its  state  is  called  state  1.  Let’s  gaze  at  a  fixed  point  when  E  increases.  Its  state  may 
transfer  from  one  .stale  to  another  or  not.  Making  a  census  of  all  these  points  in  a 


Electic  field  (  KV/mm  1 


Figure  10  Region-dividing  of  Fig.  5  Figure  11  .Slate  jumping  census  with 

Black-Region  1,  Grey-Region  2  and  increasing  E 
White  -Region  3 


observation  area  and  denoting  'I'Af  i,  J  =  l,2,3)  as  the  total  number  ratio  of  those  points 
from  stale  i  to  j  when  E  increases  from  E^.,  to  Ev  per  unit  area,  one  could  study  the 
history  of  these  three  regions  growth,  i.e.,  where  they  are  from  and  where  they  will 
come  to.  As  shown  in  t^jg,  1 1,  two  critical  fields  E^,  and  E,.,  exist  and  most  area  of 
region  1  and  3  come  from  state  2  .  The  fact  that  the  jumping  from  state  1  to  3  or  from 
stale  3  to  1  occui  occasionally  at  high  E  shows  that  reformation  of  the  columnar 
structures  has  take  place  somewhere  in  the  ER  fluid. 

(4)  Calculate  the  auto-correlation  function  of  those  pictures  as  the  following  equation: 
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1 1 <G>]dxdy 


(14) 


[G(x,y)-<G>ydxdy‘  f  f  (G(.c-t  .y-r  )-<(7>]^6ivJy 

-oo  J  J  -o»  ^  ' 


Where  G(x,y)  is  the  grey  level  at  location  (x.y)  and  <G>  is  the  average  grey  level 
of  these  pictures. 

Define  now  the  correlation  length  L‘”'  as  the  average  radius  of  the  root  of  the 
correlation  peek,  which  can  be  considered  as  the  characteristics  scale  of  the  HR 
inacrostructurc.  L'"'  is  of  meaningless  When  E  is  less  than  E,,  because  no  inacrostructurc 
has  formed.  After  E  exceed  E^i,  L™'  seems  to  grow  with  E  in  a  exponential  way  in  its 
initial  growing  stage  in  our  experiment,  as  shown  in  Fig.  13. 
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Figure  12  2D  auto-correlation 
function  of  Fig.  4 

The  fitting  curve  in  Fig.  13  is, 


Figure  13  The  growth  of  the  correlation 
lengtii  with  E  and  the  fitting  curve. 


(15) 


Where  1.41  kv/nim  <  E  <  1.96  kv/mm. 

(5)  All  above  discussions  arc  undertaken  when  L  is  less  than  2.0  kv/mm.  For  some 
technical  reason,  further  data  were  not  obtained  under  higher  E.  However,  one  would 
also  give  some  empirical  predictions  of  the  phase  separation  behavior  of  FR  fiuid  when 
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liiglicr  E  is  applied: 

a)  Region  2  will  disappear,  and  then  region  1  will  shrink  again  and  region  3  will 
expand  until  the  area  ratio  of  region  1  to  3  reaches  approximately  the  volume 
fraction  of  particles  in  ER  fluid. 

b)  E'”'  will  decrease  again  in  higher  E  after  region  2  vanishes. 

c)  The  macrostructurc  of  ER  fluid  will  change  into  some  separated  columns  or 
even  into  one  large  eluster. 

4.  Conclusions  and  future  works 

In  this  paper,  the  elcctric-field-induced  phase  separation  in  ER  fluid  is  investigated. 
A  ticld-frcc  ER  fluid  is  assumed  as  a  HD  suspension  consisting  of  a  disperse  and  a 
continuous  phases.  It  has  shown  that  when  an  external  electric  field  is  ap[)lied  upon  an 
ER  fluid,  it  will  change  from  a  HD  state  into  a  PS  state  to  minimize  the  total  Coulomb 
energy  of  the  system.  Hie  phase  separation  into  high-density  and  low-density  regions  can 
be  discussed  in  terms  of  the  two-dimensional  patterns  observed  in  the  field  direction 
because  the  disperse  phase  forms  chainlike  or  columnar  structurcj  parallel  to  the  field 
direction.  To  observe  these  patterns  produced  by  elcctric-field-induced  phase  separation, 
two  parallel  m  ranged  transparent  electrodes  are  used.  The  pictures  of  these  patterns  are 
recorded  by  a  CCD  video  camera  connecting  a  PC  computcr-image-processing  system, 
and  have  .shown  clearly  the  development  of  phase  separation  with  increasing  field.  Two 
critical  fields  arc  presented  in  this  experiment.  The  first  one  signs  the  lowest  value  of 
electric  field  to  form  the  macro-columnar  structure  in  lik  fluid.  Since  then  those 
structures  arc  becoming  larger  and  target  but  still  separated  from  each  other.  After  the 
second  critical  field,  the  high-density  domains  connect  rapidly  and  form  a  sieve-like 
structure.  The  patterns  are  irregular  and  their  characteri,stic  sizes  are  determined  by  two- 
din. cnsioiial  auto-correlation  approach  and  the  correlation  length  grows  with  an  increasing 
field.  The  relation  between  the  correlation  length  and  electric  field  arc  obtained,  which 
seems  to  obey  a  exponential  law. 

The  fundamental  physics  of  ER  fluid  has  just  begun  to  be  understood  in  recent 
decades.  TG  electrtides  makes  the  behavior  of  ER  fluid  under  direct  observation.  So,  the 
application  of  TG  electrode  must  have  a  promising  prospect  in  further  study  of  ER  fluid. 

(1)  R.  Tao  [4]  and  his  re.scarchcrs  predicted  that  for  uniform  spherical  dielectric 
particles,  the  ER  fluid  formed  a  body-ccntcred-tetragonal  (  bet  )  lattice  structure,  and 
later,  this  assumption  was  confirmed  by  means  of  the  laser  diffraction  experiment. 
However,  tiicy  failed  to  get  a  direct  pattern  along  the  field  direction,  which  was  as 
important  as  the  other  two  directions.  Apparently,  the  technique  of  TG  electrodes  may 
be  a  desired  method  for  further  experimental  study  of  the  microstructure  of  ER  fluid  as 
well  as  the  macrostructure. 

(2)  With  TG  electrodes,  flow  visualization  techniques  may  be  employed,  by  adding 
some  dilute  fluorescent  materials  into  ER  fluid,  to  analyses  the  How  velocity  field  in 
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some  HR  devices,  such  as  ER  valves  and  ER  clutches.  The  significant  of  this  work  lies 
in  getting  the  firsthand  data  and  verifying  the  theoretical  model.  Experiments  can  also 
be  carried  out  to  observe  the  phase  separation  phenomenon  of  ER  fluid  under  flow 
conditions. 

(3)  The  pictures  got  from  our  experiment  seemed  to  have  some  similarity  of  tlie 
fractal  analysis  and  percolation  effect  extensively  studied  in  other  critical  phenomenon 
[6,7,8],  The  finial  shape  of  the  macrostructure  of  ER  fluid  seemed  to  be  dependent 
greatly  on  the  electric  field  and  its  initial  condition.  However,  for  a  certain  ER  fluid,  it 
should  exhibit  same  bulk  properties  under  a  fixed  E.  So  ,  there  must  be  some  stable 
statistical  values  to  characterize  the  global  properties  of  the  ER  fluid  behaviors,  despite 
of  the  specific  macro-shape  formed  under  various  initial  conditions.  Fractal  analysis  and 
percolation  model  may  be  a  bridge  to  study  ER  fluid.  Tt  is  clear  that  TG  electrodes  are 
necessities  to  get  the  statistical  data  in  this  case. 
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ABSTRACT 

Sonic  new  evidence  on  elecLrorlieulogical  (UK)  mcclinni.sius  i'or  scinicunducling 
{Kilyuci^iuniU'ite  suspensions  in  silicone  oii  has  been  reporled.  Negulive  lirsl  nonnul  stress 
difl'erencc  was  obsci  ved  under  an  elecuic  field.  lilTect  of  die  panicle  si/e  on  liR  piopcrties  was 
studied,  rite  I'csulls  have  t>een  lelated  to  tlic  clcctiified  fluid  .stnictnie.  Mason  iiuiuliei'  was 
applied  to  dynamic  rcs|xmsea  by  dcl'iiiini;  oscillatory  Mason  nunibcr  Mu*  (scaled  as  yciVli^  ) 
iUid  it  was  found  Uiat  Uie  dyniuuic  oscillation  ics|Km.so  luid  llic  steady  shear  lesiKinsc  could  lx; 
correlated  wiUi  Cox  Mer/.  rule. 


1.  introduction 

A.s  clcctfotiicological  (ER)  elTcct  was  discovered  in  1947.  Winslow  ascribed  it  to  ihc 
ficld-induccd  fibrillation  of  sinal!  panicles  in  the  suspension'.  Now  it  has  been  widely 
proved  dial  the  fibrous  .suuclure  is  a  general  charaelcrisiic  for  ER  niiid.s'"’,  and  inlerfucial 
polarisation  mechanism  is  the  major  mechanism  giving  rise  to  ER  respon.se.s^  '’''''''  ''^-'^, 
Bingham  plastic  equation  lias  been  rccogni.sed  as  the  mo.st  suitable  rheological  model  for 
steady  shear  response  of  ER  fluid.s'’-''’'''**".  Mar.shall,  Zukoski  &  Goodwin"  modified 
Bingham  equation  by  imroducing  a  dimensionlc.ss  Mason  nttmber; 

ii/ii^  =  k;m„  + 1  (13 

where  Mn  is  termed  as  Mason  number,  dermed  by: 

(2) 

.scaled  asy/E^ 

ri  is  the  suspension  viscosity  under  field,  is  the  suspension  vi.scosity  at  the  high  shear' 
rate  in  '/.ero  field,  K  is  the  material  constant,  j  is  the  shear  rate,  Fi  is  the  field  strength,  F.^)  is 
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ilie  free  space  permittivity,  Cc  is  tltc  dielectric  constant  of'  the  medium,  p  =  (Ep  -  E<;)/(Ep  + 
2£t)  for  the  itolarizability  of  die  panicles,  Ep  is  the  dielectric  constant  of  die  particle.  Mn  is  a 
measure  of  tiie  relative  importance  of  viscous  shear  forces  to  electric  polarization  forces 
acting  on  jiarticlcs  in  die  suspension.  As  .seen  from  Eq.fl).  the  apparent  vi.scosity  could  be 
conelated  as  a  function  ol'  Mn.  At  small  Mn,  pi'larization  forces  dominate  the  ER  respon.se 
and  the  logfrj/r)^)  -  logMi,  curve  has  a  .slojieof -1  while  at  large  Mn,  vi.scous  forces 
conU'ol  the  suspension  stnacture  and  die  term  q/ti^  approaches  unity.  In  this  paper,  Mason 
numlxtr  (Mu)  will  be  applied  to  dynamic  lespon.ses  by  delining  o.scillatory  Mitson  number 

.scaled  as  "yto/E^ 

where  7  is  the  oscillation  strain,  cu  is  die  dynamic  frequency.  The  complex  vi.scosity  will  be 
plotted  against  the  o.scillatory  Mason  number  and  compared  with  the  apparent  vi.scosity  in 
steady  sheai'. 

On  the  other  hand,  the  .spanned  strand  model  has  often  been  u.sed  as  u  structural  model 
for  ER  Huids'’,  The  spiinncd  strand  model  could  he  de.scrilied  as  follows:  Without  electric 
field,  an  ER  suspension  behaves  as  usual  .suspensions  dti.  In  the  presence  of  an  electi  ic 
field,  the  particles  |)olarize  and  orient  along  the  field  direction  to  form  fibrous  bridge 
structures  over  the  gap  between  clcctrode.s.  If  a  shear  deformation  is  applied,  the  bridges 
will  deform  and  ineline  to  .some  angle.  As  the  .shear  deformation  prticeeds,  the  bridges 
break  down  in  the  middle  and  How  uecur.s,  but  the  broken  chains  still  remain  inclined.  As 
the  flow  continues,  the  broken  chains  on  the  electrodes  might  build  up  again  at  a  new 
liosition.  In  our  previous  pa|xn'**.  it  was  found  that  the  rheological  behaviors  under  different 
deformation  modes  cimld  he  approximately  dc.seribed  by  a  rate  insensitive  slre.ss,  which 
was  controlled  only  by  the  electric  attractive  force  between  the  jHilarizcd  particles.  The 
characteristic  ER  ics|ionscs  were  well  explained  using  the  spanned  .suand  model. 

In  the  pre.sent  jiapcr,  .some  new  evidence  such  as  negative  first  normal  stress 
difference,  effect  of  the  particle  sizi:  and  application  of  die  dynamic  Ma.son  number  will  be 
diseussed  to  further  support  the  HR  mechanism  for  scmiconductive  polymer-liased 
suspensitins. 

2.  Experimental 

The  dispensed  pha.se  u.sed  was  the  powder  of  a  .semiconducting  polymer.  Tlic 
.semiconducting  polymer  was  made  by  controlled  oxidation  of  polyaci  ylonitrile  (RAN)  Ubic 


235 


at  high  temperatures.  Then,  the  powder  wa.s  made  hy  cutting  thc.se  fibres  in  an  agate  hail 
mill.  Tile  different  milling  lime  was  controlled  to  obtain  particles  with  different  si/es.  The 
sampies  prepared  from  llie.se  powder  were  named  in  B-.scries  as  sample  B1  -  B5.  The 
particle  si/e  in  a  suspension  could  lx;  modified  furiiicr  by  milling  tlie  prepared  .su.s[\;nsion  in 
a  coiloid  mill.  This  technology  al.so  provided  the  .suspension  with  exeelleni  .stability  aguin.st 
.sedimentation.  It  was  eliecked  that  the  uealment  in  the  c-'lloid  mill  didn’t  bring  about  any 
contamination  of  the  su.spension.  Tlie  samples  treated  with  the  colloid  mill  were  called  in 
C-.series  as  sample  Cl  -C.^.  The  particle  .si/e  was  determined  with  a  Moriba  CAPA  particle 
analy.ser.  The  particle  si/e  data  of  B-.series  and  C-.serles  samples  were  given  in  Table  1. 
Typical  particle  size  disuibution  was  shown  in  l-igure  1  for  .sample  C2.  The  average  si/e  is 
about  5  pm.  As  .seen  from  Table  1.  different  milling  time  corre.sponds  to  differeni  particle 
size.  The  particle  si/e  deerea.ses  as  tlie  milling  lime  ineiea.ses.  The  effect  of  milling  lime  on 
LiR  iiroixtrtics  could  be  considered  as  an  effect  i>f  tlie  iiarlicle  size. 


lahlc  1 .  1‘ailiclo  size  tiatii  of  U-.sciics  and  t'-sci i<'s  si.mpk's 


particles 

grade 

mill 

type 

milling 
time,  hr 

average 
size,  pm 

.standard 
variation,  pm 

maximum 
size,  pm 

13  •  .series: 

Bl 

(),5« 

1.52 

4.62 

20,0 

132 

agate- 

1.(1 

.■i.Sif 

4.46 

20,0 

13.3 

liall  mill 

\.5 

4..39 

2.97 

1 1.0 

U4 

2.0 

.3.46 

2.14 

9.0 

U.3 

2.5 

2.79 

I..3X 

6.0 

C  -  .series 

Cl 

0.0 

36.6 

29.1 

XO.O 

C2 

colloid 

1.0 

4.62 

3.20 

10.0 

C3 

mill 

\.5 

4.26 

2..‘i4 

10.0 

C4 

2.0 

4.2S 

2,40 

10.0 

C.5 

2.5 

4.11 

2.23 

9.0 
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Dimnctcr.  p.  ni 

I'ij;.  1 .  I'ypiciil  panicle  size  disiiibudoii  for  sample  ('2 

The  medium  used  was  silicitne  oil  will)  viscosity  46.9  mPa.s  at  2()‘’C.  The  samples 
studied  consisted  of  sample  NC-2W  with  volume  fraction  0.19,  which  was  also  siudied  in 
tile  paper**,  sample  U 1-D5  all  with  volume  iVaetioii  0.40  and  .sample  C!  1  -C5  all  with  volume 
I'laction  0..30.  In  the  preparation  of  .sample  B-.series  and  .sample  C-series,  the  anhydride 
particles  as  well  as  die  media  wue  tn^ited  in  an  oven  at  125'’C  for  hours  to  eliminate  uaces 
of  water  before  mixing.  Rheological  projicrtics  .such  as  yield  .stress,  appaient  vi.scosity,  first 
normal  stre.ss  difference  and  complex  vi.scosity  weie  measured  by  Rheonietrics  RfvlS-6('5 
svith  parallel  plates  with  gap  =lmm  and  diameter  .“iOmm  at  2.S'’C.  The  main  modification 
involved  tlie  insulation  of  the  di.se  electrodes  to  die  drive  shaft  and  die  torque  transducer  .so 
that  a  DC  electric  I'ield,  up  to  2.9  kV/mm  in  this  study,  could  be  applied  to  the  .san'ule.  It 
should  be  mentioned  diat,  becau.se  the  shear  rate  is  not  homogeneous  everywhere  in  the  gup 
for  die  parallel  plate  geometry  and  no  •'oii-Newtonian  corrections  fur  stpi.ss  were  made,  the 
nieusuied  matciial  func'ions  were  apparent.  In  rheological  measurements,  different 
deformation  modes  miglit  be  applied  to  the  .sample.  I’or  the  studied  LiR  suspension,  since 
die  yield  sue.ss  showed  a  rate  in.sen.siuve  dependence,  e'ectric  field  strengdi  step  change  was 
often  ti.sed  at  a  given  shear  rate  or  at  given  str  iin  and  frequency  in  dynamic  o.scillation  as 
well  as  shear  rate  sweep  at  a  given  electric  field  .'Strength  and  dynamic  frequency  sweep  at 
given  strain  and  fie'd  strength.  For  more  detail  about  the  HR  system  and  the  experimental, 
.see  die  previous  paper**. 
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3.  !<esulls  and  Discussion 

3. 1  Evidence  I:  Negative  Normal  Stress 

First  normal  stress  tlilTorcncc  (N 1)  data  of  ER  suspensions  was  hardly  mentioned  in 
the  literature**.  In  this  study,  special  attention  was  paid  to  the  measurement  of  first  normal 
stress  difference.  It  was  found  that  tltc  studied  suspensions  .sltowed  significant  first  normal 
stress  difference  with  and  without  application  of  electric  field.  However,  the  electrified 
suspension  was  found  to  show  negative  nonnal  strc.ss  while  the  suspension  witlioui  voltage 
produced  a  positive  nonnal  stress.  After  having  been  checked  carefully,  tlie  negative  normal 
stre.ss  effect  was  understood  to  be  a  typical  phenomenon  for  ER  fluids  although  negative 
nonnal  .stress  was  also  observed  for  liquid  crystal  systems'^  and  some  .suspensions''*. 

Figure  2  shows  the  first  normal  strc.ss  difference  as  a  function  of  slvar  rate  at  different 
field  strcngtlis  for  sample  NC-2W.  A  minus  sign  is  added  to  make  (-N1)  positive,  which 
will  be  used  throughout  the  paper.  As  seen  in  Figure  2.  the  normal  stress  nearly  remains 
constant  over  the  range  of  the  shear  rate  measured,  but  it  increases  with  electric  field 
strength.  ITie  curves  for  different  field  stiengths  run  parallel  to  each  other.  The  magnitude 
of  the  normal  stress  is  found  to  increase  approximately  with  the  square  of  field  strength  to 
give  an  equation  (-Nl)=3ii0  E^,  as  shown  in  Figure  3. 
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I'hst  normal  stress  difference  as  a  function  of  shear  rate  at  different  field  sueiigths  for 
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I 'ig,3.  I'irst  nonnal  stress  dilTciencc  as  a  runction  of  field  sircngih  for  sample  N0-2W.  The 
dashed  li'ic  is  die  fit  cmialion.  -  Nj  =  380 

In  our  previous  paper**,  il  was  I'ound  that  (he  shear  stress  showed  ao  insensitive 
dependenee  on  die  shear  rate  but  a  suong  dependence  on  die  Held  sU'oiigth.  The  yield  stress 
was  proportional  to  the  squaie  ofeiecu-ic  field  slrengdi.  The  steady  shear  response  could  he 
considered  as  an  extreme  case  for  Bingham  piastic  behavior  with  ihc  yieid  stress  term 
donii.iant.  For  sample  NC-2W.  ty  =87.4  E^. 

Tliercrore,  the  nonnal  stress  lias  the  .same  cliaraeteristic  as  the  yield  stress.  It  is 
meaningl'ul  to  make  a  eomparison  hclweeii  the  magnitude  of  the  norm-tl  stress  and  that  of 
the  shear  stress.  Ftir  sample  NC-2W,  the  ratio  tif  tlie  normal  stress  in  magnitude  to  the 
shear  stress  (-Nl/t  y)  is  4.84,  ,Sinee  the  normal  stre.ss  has  the  .same  dependency  on  field 
.strength  or  shear  rate  as  iliat  of  the  yield  .stress,  the  ratio  of  the  normal  siicss  to  the  yield 
stiess  is  independent  on  die  shear  rate  and  the  el'Xtric  field  strength. 

Negative  iinrnial  stre.ss  effect  was  further  .studied  for  sample  C-.series.  The  normal 
stress,  the  yield  stress  and  their  ratio  at  /.ero  field  and  different  field  strengths  were 
presented  in  Table  2,  The  stre.s.se.s  were  measured  with  field  strength  ste.p  incrca.se  from 
zero  to  2.9  kV/mm  at  a  shear  rate  0.8  s  '.  Figure  4-6  were  generated  based  on  the  data  in 
Table  2. 
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Table  2,  Noimal  sUcsscs  of  ITR  suspension  sample  (’-series 


E,  kV/inm 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

2.9 

-Ni,Pa 

-8..3() 

21.4 

248 

710 

1290 

1970 

2350 

Cl 

x  y,  Pa 

2.«) 

27.6 

123 

276 

478 

701 

961 

-Nl/X  y 

-3.20 

0.77 

2.03 

2.58 

2.69 

2.81 

2.45 

a  ,  '* 

- 

52.4 

26.2 

21.1 

20.4 

19.5 

22.2 

-  Ni.Pa 

-20.4 

40.0 

210 

623 

IKK) 

1740 

2230 

C2 

X  y,  Pa 

2.(K) 

41.3 

178 

381 

620 

898 

1140 

■Ni/Xy 

-10.2 

0.97 

1.18 

1.64 

1.79 

1.93 

1 .96 

a  ,  “ 

- 

45.9 

40.3 

31.4 

29.2 

27.4 

27.0 

-Ni.Pa 

-y.-so 

85.0 

321 

735 

1240 

19(K) 

2270 

C.3 

X  y.  Pa 

.3.80 

44.3 

169 

354 

585 

832 

1070 

-  N  l/X  y 

-2.50 

1.92 

1.90 

2.07 

2.11 

2.28 

2.11 

a 

- 

27.5 

27.7 

25.8 

25,4 

23.7 

25.4 

-  NpPa 

-31.9 

-51.8 

75.0 

660 

1220 

19(H) 

2380 

C4 

X  y,  Pu 

2.10 

48.2 

176 

355 

570 

H(H) 

991 

-  N  |/X  y 

-14.9 

-1.07 

0.43 

1.86 

2.14 

2.37 

2.40 

a , 

- 

- 

66.7 

28.3 

25.0 

22.9 

22.6 

-  Ni,  Pa 

-76.4 

8..50 

320 

697 

1270 

1840 

2(HH) 

C.i 

X  y,  Pa 

8.20 

40.7 

142 

285 

443 

623 

760 

-Nl/Xy 

-9..32 

0.21 

2.25 

2.44 

2.87 

2.95 

2.63 

a . 

- 

78.1 

23.9 

22.3 

19.2 

18.7 

20.8 

Piguic  4  is  ihe  plui  of  ilic  normal  sircss  as  a  funelion  of  field  strengih  foi'  sample 
C-series.  A  comn*on  equation,  (-Nl)=2y()E2 ,  was  got  for  all  .samples.  Figure  5  is  Ihe  plot 
ttf  die  yield  slre.ss  as  a  function  of  field  .strength  for  .sample  C-.series.  In  Figure  .“i, 
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Fig. 4.  Firsi  noruial  stress  difference  as  a  fmu  Uoii  of  Held  strengdi  for  sample  C-scrics.  lire  normal 
stress  was  measured  at  a  given  shear  rate  of  0.3  s' ' .  lire  dashed  line  is  tire  Hi  cqiialinn  for  all 
of  the  data,  -Ni  =  290152 


rig.S.  Yield  stress  as  a  futicUcu  of  Held  strength  for  sample  C-scries.  Symbols  as  showit  in  Fig.4. 
The  yield  stress  was  measured  at  y=^0.3  s'*,  lire  dashed  line  is  the  Tit  equation  for  sample  CS, 
•c  y  =  90.1  e2.  Ihe  solid  line  is  the  fit  equation  for  sample  C2.  t  y  =  136 
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however,  there  exists  difference  in  field  strength  dcDcndcncc  among  the  samples,  whieh 
represents  effect  of  the  particle  size  and  will  be  discussed  later.  The  fit  equation  for  each 
sample  could  be  obtained,  for  example,  i  y  =136  for  C2  and  x  y  =90.1  E'^  for  C5.  The 
ratio  of  the  normal  stress  in  magnitude  to  tlic  shear  stress  was  also  calculated  for  each 
sample.  As  seen  from  Table  2,  most  of  die  ratio  values  fall  into  the  range  of  2.0  -  3.0.  The 
ratio  value  doesn’t  change  very  much  indeed  as  the  field  strength  increases.  This  fact  is 
clearly  shown  in  Figure  6  for  sample  C3. 

Tlie  ER  suspensions  studied  in  this  work  were  composed  of  fibrous  powder 
dispersed  in  silicone  oil.  It  was  shown  in  Table  2  that  in  absence  of  electric  field,  the 
suspensions  showed  positive  first  normal  stress  difference  as  an  usual  fibrous  rod-like 
suspension.  Upon  application  of  an  electric  field,  the  normal  stress  became  negative.  It 
would  become  positive  again  after  the  removal  of  the  electric  field.  For  the  sake  of 
completion,  it  should  he  mentioned  that  the  positive  first  normal  stress  difference  was  also 
observed  under  clccUic  field  for  high  cuncenuated  samples  with  volume  fraction  more  than 
0.40.  In  this  case,  the  normal  stress  incmased  with  the  shear  rate  and  was  proportional  to 
the  field  strength.  The  positive  normal  stress  of  high  concentrated  samples  should  be 
attributed  to  the  dilataitcy  under  the  electric  field,  which  was  so  strung  that  tlie  electrified 
sample  was  found  to  squeeze  out  of  the  measuring  cell. 
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The  ER  suspension  shows  negative  first  noimal  stress  difference  under  an  electric 
field  atid  the  ratio  of  the  normal  stress  in  magnitude  to  the  yield  stress  is  independent  on  the 
shear  rate  and  the  electric  field  strength.  For  parallel  plate  geometry,  negative  normal  stress 
implies  exi.stencc  of  a  compres.sing  force  which  resulLs  in  a  tendency  to  pull  the  plates 
together.  In  tin;  measurement  of  Ute  electrified  suspension,  tlie  large  compressing  force  only 
could  be  ascribed  to  the  polarization  force.  Ba.sed  on  the  spanned  strand  model  and  the 
morphological  obfiervation  result,  a  po.ssible  explanation  might  be  proposed  as  follows:  In 
tlie  pie.scnce  ttf  tlie  electric  field,  the  paiticlcs  polarize  and  orient  along  the  field  direction  to 
form  fibrous  chain  structures  over  tJie  gap  between  the  electrodes.  Along  tJie.se  chains  exists 
the  iiUcrpai  ticlc  clcclroslalic  polarization  force,  Once  a  shear  deformation  is  applied,  the 
chains  will  defonn  to  incline.  At  the  .same  time,  the  deformed  chains  generate  a  resistance 
force  against  the  shear  defomiation.  That  is  the  origin  of  the  yield  suess.  Oti  the  other  hand, 
die  applied  shear  deformation  makes  the  chains  incline  to  a  certain  angle.  Since  the  chains 
bind  well  with  the  electrodes,  the  produced  defomiation,  that  is,  the  inclination,  will  result 
in  more  or  less  elongation  of  the  chains.  However,  the  ullractivc  polarization  force 
U'ansfciTed  along  the  cliain.s  resists  tlie  chains  to  be  elongated  and  pulls  die  chains  to  recover 
to  their  original  positions.  This  gives  ri.se  to  the  negative  luirmal  strc.ss.  It  .should  be  noted 
tliat  in  the  di.seu.sston  two  a.s.suniptioii.s  aiv  u.sed  which  aie  mainly  ba.sed  on  tlie  ex ]icri mental 
oh.servation  results,  that  is,  the  chains  are  hound  well  to  the  eleelrodc  walls  and  the  broken 
chains  still  remain  inclined  in  Row. 

Figure  7  shows  die  decomposition  of  tlie  polarization  force  ( I' )  iiiu)  the  yield  stress 
I  ty  )  and  the  normal  strc.ss  (  Nl).  The  inclined  chain  over  the  gap  was  symboli.scd  as  a 
solid  line  between  the  electrodes,  a  is  the  iiielinuiioii  angle  of  the  chain  from  the  field 
direction.  There  exist: 

T  y  =  F.sin  a  (4) 

INll/x  y  =  1/iga  (.S) 

Tlieiefore,  die  yield  strc.ss  could  he  considered  a:s  tine  of  ilie  measures  of  the  ptilariz.aiion 
ftiree  in  the  direction  |ierpeiidicular  to  the  field  and  the  normal  strc.ss  as  a  mea.sure  of  the 
poluri/ulion  force  in  the  field  direction.  The  raliti  of  their  magnitudes  wtnild  suggest  the 
iiielinaiion  angle  of  the  chains  froni  the  field  direction. 

The  iiielinaiion  angle  might  he  an  important  parameter  related  to  the  eleelrified  lluid 
structure  siiiec  the  iiielincd  chain  .siruclurc  is  a  general  eliaraelerislie  for  fiowing  clcetrified 
suspensions,  It  could  he  under.siood  a.s  a  erilieal  iiielinaiion  angle  for  chains  to  deform,  at 
which  die  chains  al.so  break  down  in  the  middle  as  the  applied  shear  deformation  prt>ceeds. 
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l'ig.7.  Schcinalic  diagram  (or  decomposition  of  imlatisalion  force  ( 1' )  into  yield  stress  ( c  y )  and 
normal  stress  (  Ni  ).  a  is  clitiin  inclination  angle.  -N]  /  t  y  =  1/  Igrt.  It  -Nj  /  t  y  =  2  •  3. 
a  -  18  ■  26^.  A  minus  sign  is  added  to  niiike  (-N1)  (xtsitive  since  NI  is  negiiiive,  in  agree¬ 
ment  witii  die  text 


According  to  tire  ratio  (-N  i )/  T  y  ,  this  angle  is  independent  on  the  shear  rale  and  the  electric 
field  strength.  It  is  mainly  determined  by  the  su.spcn.sion  composition  parameters  such  as 
materials  propcities  and  partiole  concentration.  For  a  paiticular  suspcn.sion,  ilic  polarization 
force  is  certain.  The  yield  stro„ss  increa.ses  willi  Uic  inclination  angle. 

The  (-N  i)  /Ty  ratio  is  equal  to  4. .14  lor  sample  NC-2W.  implying  that  the  deformed 
particle  cliaitis  tnight  iticline  1 1”  from  tlic  Held  direction.  For  sample  C-.scrics,  the  possible 
inclination  angles  ttf  the  chains  at  dtfferciu  ricld  su'cngths  were  calculated  and  also  listed  in 
Table  2.  Since  tiie  normal  stress  in  value  is  2-3  limes  the  slicar  sire.ss,  thus,  most  of  llie 
particle  chains  over  tlie  gap  .should  respectively  incline  18.4>’  -26.5“  from  the  field 
direction.  Tlie  results  agree  well  with  the  morphological  observation.  The  inclination  angle 
was  indeed  ob.scrved  not  to  change  much  with  the  .shear  rate  and  tlie  field  strength.  The 
angle  -  2l)“  seems  to  be  a  crucial  position  for  (lowing  ER  suspensions  since  it  was  also 
revealed  by  otlier.s“  ’'-‘'  '‘’  '“  from  cumpulcr  simulation  as  well  as  experimental 
inoipliologieal  oliservaiiuii.  More  work  is  desired,  for  example,  to  confirm  the  ratio  of  lire 
normal  stress  to  ilie  yield  .sire,s.s  from  computer  simulation  of  ER  lluids'"^  and  to  study  effcol 
of  lire  eoncenU-alion  on  the  ratio. 
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3.2  Evidence  2:  Effect  of  Particle  Size 

Figure  8  is  the  plot  of  the  yield  stress  as  a  luneiion  of  the  partiele  milling  time  in  an 
agate  ball  mill  for  sample  B-scries  at  different  field  strengths.  Figure  ^  is  the  plot  of  the 
yield  stress  us  a  function  of  the  suspension  milling  time  in  a  colloid  mill  for  sample  C-.scries 
at  different  field  strengths.  It  is  very  clear  that  as  the  milling  time  increases  tlicrc  occurs  a 
maximum  yield  stress  for  each  case.  This  fact  was  also  proved  by  mixing  two  type  of 
particles  with  different  sizes.  Different  milling  time  represents  different  particle  size.  As 
seen  from  Fig, 8  and  Fig.9,  the  particle  size  indeed  has  an  innuence  on  die  yield  stress,  lliix 
inllucnce  is  significant,  up  to  30%  at  high  field  strengths,  although  it  still  may  be  a  small 
effect  from  an  engineering  viewpoint. 

It  should  be  mentioned  that,  in  general,  only  when  thermal  forces  dominate  over 
polarization  forces  is  there  an  intluenee  of  particle  size  oit  the  ER  effect  'llie  effect  of 
particle  size  in  tlie  present  study  should  be  ascribed  to  the  non-spberical  fibrous  geometry 
of  the  particles.  This  fact  also  means  tliat  the  effect  of  the  partiele  size  includes  bttth  the 
influence  of  optimum  size  di.stribution  of  the  particles  and  the  influence  of  different 
length/diamcier  ratios  (L/D  <  10)  of  the  particles.  Ati  influence  tif  particle  size  on  dynamic 
shear  strength  lias  also  been  reported  at  low  shear  rates  lor  glass  bead  suspensions  in 
silicone  oil  by  Shih  and  Conrad'^. 


l’ig.8.  Yield  sucs.s  as  a  function  of  piirticle  inillinii  time  in  an  agate  ball  mill  and  applied  lield 
saengtii  for  sample  B-scries.  llie  yield  slrc.ss  was  incasurutl  at  y  =0.3  s  ' 


Milling  Time,  hr 


Mg.*).  Yield  siress  as  a  I'uiicUoti  of  suspension  milling  lime  in  a  colloid  mill  iuiU  applied  field 
sircngili  for  sample  C-scries.  The  yield  stress  was  measured  at  y=().3  s"' 
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Figure  10  shows  the  effect  of  tire  particle  si/e  on  the  normal  stress.  (-N 1 )  was  plotted 
against  the  milling  time  for  sample  C-seiies  at  different  field  sti'cngths.  Oifferently  from  tlte 
ease  of  the  yield  sliess,  the  particle  si/e  has  no  any  influence  on  the  normal  stress.  The 
difference  can  also  be  seen  from  the  previous  ploLs  of  Figure  4  and  Figure  5.  The  reason  is 
that  for  the  yield  stress,  a  certain  particle  size  and  size  distribution  could  favours  the 
formation  of  the  anisotropic  structures  of  the  particles  and  tlius  increase  the  resistance 
against  the  shear  deformation  while  the  normal  sU'css  is  only  dominated  by  the  intciparticle 
polarization  forces. 

In  addition,  the  fibrous  geometry  of  the  particles  might  also  be  partially  responsible 
for  tlte  characteristic  responses  of  the  suspension,  for  example,  the  stress  recovery  after 
flow  stop  wliich  was  reported  in  our  previous  paper**.  The  stress  recovery  sliould  be  related 
to  the  refonnation  of  inclined  spanned  chain  .structures  and  the  contribution  of  the  non- 
spherical  paiticle  geometry. 

3.3  Evidence  3:  Dynamic  Mason  Number 

In  Figuic  1 1  tlte  apparent  viscosity  in  steady  shear  was  plotted  against  Mason  number 
(.sealed  as  y/E^ )  for  sample  NC-2W,  The  apparent  vi.scositics  were  calculated  from  shear 
rate  sweep  data  at  different  field  .strengths.  It  is  found  that  all  the  steady  shear  viscosity  data 
at  different  field  .strengths  and  shear  rales  arc  correlated  well  with  Mason  number  to 
generate  a  muster  curve,  Eta  =  8.^.4  (  y/VJ  )■'.  Thus  curve  indicates  that  the  apparent 
vi.seosiiy  decreases  inversely  with  the  .shear  rate  and  inerea.scs  with  the  .square  of  the  elceirie 
field  suength. 

In  Figure  1 2  tlte  complex  vi.seosity  in  dynamic  o.scillaiion  was  plotted  a.s  a  function  of 
o.seillatory  Ma.soii  number  (.sealed  as  yco/E^ )  for  .sample  NC-2W.  The  complex  vi.sco.sities 
were  ealeulatcd  from  o.seillalory  frequency  .sweep  data  at  strain  J~IW%  and  at  different 
Held  .strengths,  fhe  complex  vi.seosity  data  are  .succe.ssfally  coirclatcd  with  dynamic  Mason 
number.  Therefore,  another  master  curve.  Eta*  =  83.4  (  yto/E^  )'*  was  obtained  for 
dynamic  shear  flow.  The  complex  vi.seosity  dccrea.scs  inversely  with  the  product  of  strain 
and  frequency,  and  increa.sc.s  with  the  .square  oi’clceliic  field  strength.  It  is  further  found 
that  ihe.se  two  eurves  in  Fig.  1 1  and  Fig.  1 2  can  overlap  each  other.  When  Mn*  equals  Mn, 
the  complex  viscosity  will  equal  the  apparent  viscosity,  as  dc.sciihed  by  Cox-Merz  rule  for 
polymer.  Cox-Merz  rule  states  dial  the  ctimplex  viscosity  approaches  die  apparent  viscosity 
if  the  oscillatory  frequency  equals  the  shear  rate^**. 
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l  ig.  1 1 .  Appmciu  viscosity  its  a  iiinclKiii  of  Miixon  iiuiiilKr  (scalcti  as  )  lot  sample  Nt'-2W, 
'nic  appaictit  viscosities  were  calcultileU  lioiii  slictir  rtile  sweep  ilalti  ;it  ilifferein  fielil  slreiii;llts. 
I'lie  solid  line  is  llie  lit  eqtialion  for  all  ol  tlic  ilalii,  lilti  8X4  (  y/li^  )’' 


l-ij;  1 2.  ( ’oiii[ilex  viscosity  as  a  (iiitelioii  o(  (lynaiiiic  Mason  tiittnlier  (staled  as  )  for  stmipie  N( '-2\V. 

rite  complex  viscosilies  were  calcnkileil  from  oscillatory  fremieiicy  sweep  data  at  suaia  v  tiiiO 
al  tlilfereitl  field  sueiigilis.  'flic  solid  line  is  the  fit  e(|tiaiioii,  l;i;t*  =  83. 4  (  yw/li’ 
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I'ig. '.3.  Coini)lcx  visco.sily  or  upparcni  vUcosily  its  u  ruiictioii  oi  Uyiiaiuic  Musimi  iiuinirci  (scaled 
as  7Ci»/i;^  )  or  Mascai  number  (sealed  as  y/li^  )  for  saniple  115.  ( >ix;ii  syinlxils  lor  complex 
vi.scrrsily  m  oseilluUMy;  (’lose  syinlxils  for  apparuiil  viscosity  in  steady  sltear.  y.  %  dynamic 
suain;  lu,  1/s  dymmiic  Irerfuency;  y.  I/s  shear  rale;  li,  kV/mm  Held  .suengili;  Sp.,  variable 
sweep,  siicli  as  iferjauncy  sweep,  i'lie  solid  line  is  tliv  111  equation  lor  all  of  die  data, 

I'ta*  =  435  (  yco/K^  )-l  or  Ida  =  435  (  y/li^  )•' 

If.  I'igufc  13  the  Ma.stm  number  wa.s  u.scd  to  describe  htiih  the  dynainie  o.seillatiun 
resiKMisc  and  the  steady  sltear  respomse  of  sample  B5.  The  complex  viscosity  or  apparent 
viscosity  was  plotted  as  a  lunetion  of  dynamic  M;tstm  number  (scaled  asyoVE^ )  or  Mason 
number  (.sealed  as  y/E^ ).  DilTerent  measurement  modes  were  u.sed  to  collect  data,  including 
ilynamic  frequency  sweep  at  given  strain  and  field  sliengtb,  field  strength  step  change  at 
dilfereni  strain  and/or  frequency,  rale  sweep  at  a  given  field  strength  and  field  .siiength  step 
change  at  a  given  shear  rate,  A,s  expected,  indeed,  it  is  able  to  aecommodate  all  of  die  data  in 
dynamic  tiseillaiion  or  steady  shear  no  matter  what  strain,  ficr|ueney,  electric  field  siiength, 
or  shear  rate.  The  deviation  of  some  data  from  the  fit  equation  at  low  Mn'*'  or  Mn  range 
seems  to  be  resulted  from  the  yield  behavior. 

The  significance  of  Mason  number,  in  our  understanding,  is  that  it  contains  two  most 
important  l\‘id  variables  in  ER  respon.scs:  shear  rale  (or  prodiiel  of  strain  and  frequency  in 
dynamic  o.seillalion)  for  a  shear  field  and  field  strength  for  an  electric  field.  Eia-  Mn  plot 
could  summari/.c  the  rheological  behaviors  in  steady  .shear  while  Eta*  -Mn*  plot  could 
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summari/.c  ihc  rheological  responses  in  dynamic  oscillatory.  For  the  studied  suspcn.sions. 
the  viscous  flow  resistance  contributes  little  to  the  shear  stress  even  at  high  Mn  or  Mn* 
raitgc  since  tltc  viscosity  was  not  observed  to  approach  tlie  suspension  viscosity  at  the  high 
shear  rate  in  zero  field  although  the  shear  rate  is  up  to  20  s'*,  comparable  to  tliat  ii.scd  in  Uic 
paper". 

It  is  surprising  to  find  that  the  rheological  responses  of  the  electrified  suspensions 
follow  Cox-Mcrz  rule.  This  result  suggests  not  only  lltat  the  polarization  force  sealed  as 
dominates  rheological  quantities  boUi  in  tlte  dynamic  oscillation  and  the  steady  shear,  hut 
also  the  microstructurc  within  the  suspension  in  dynamic  flow  might  be  the  same  as  that  in 
steady  shear.  One  of  the  reasons  for  this  equality  is  that  the  strains  u.sed  in  the  oscillation 
measurements  arc  all  out  of  linear  strain  range.  Tlic  linear  strain  amplitude  range  was  found 
loo  small  to  be  determined^*. 

4.  Conclusions 

ER  suspensions  show  large  negative  first  normal  stress  difference  under  an  electric 
field.  For  the  semiconducting  PAN  suspension!!,  the  characteristic  shear  rale  independence 
and  field  .strength  dependence  shows  that  the  normal  strc.ss  is  al.so  a  rate  insensitive  stress 
which  is  controlled  by  intcrparticlc  electric  pohirisation  forces.  The  yield  stie.ss  couid  be 
considered  as  one  of  Uic  measuies  of  the  polarization  force  in  die  direction  pcipcndicnlar  to 
die  field  and  ihc  normal  stress  as  u  measure  tif  die  polarization  force  in  the  field  diieciion. 
The  ratio  of  the  normal  stress  to  the  shear  .strc-ss,  independent  on  shear  rate  and  field 
.strength,  would  suggest  the  inclination  angle  of  the  chains  from  the  field  direction.  The 
particle  size  was  found  to  have  an  important  effect  on  the  yield  slre.ss,  hut  no  innueiice  on 
dtc  normal  .stress  due  to  the  fibrous  geometry  oi  the  particles  which  favours  the  lonnation 
of  the  anisotropic  .structure.  Mason  numbcr(Mn)  could  hi  applied  to  dynamic  respon.sc.s  hy 
defining  dynamic  oscillatory  Mason  numbci  Mn*  (.scaled  as  yw/E^),  p'or  the  studied 
suspension,  the  characteristic  HR  behaviours  in  steady  shear  and  dynuinie  oscillation  are 
coiTclated  with  Cox  Metz  rule  and.  indeed,  are  dominated  only  by  the  ch  etiieally  induced 
intcrparticlc  forces.  The  spanned  strand  model  captures  mo.st  features  of  FiK  phenomena, 
and  can  be  u.sed  to  explain  the  results  very  well.  On  the  other  hand,  the  results  also  provide 
evidence  to  the  model  iuself, 
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INTRODUCTION 

The  clcciroilicological  (ER)  phenomenon  lias  been  known  for  more  than  40  years  (1)  and 
is  defincU  as  the  rapid  and  reversible  change  in  die  theological  behavior  of  a  suspension  under 
(lie  action  of  large  electric  fields  10(lkV/inm)].  Specifically,  orders  of  magnitude  increases  in  the 
iippareiu  viscocity  and/or  the  development  of  some  type  of  a  yield  stress  in  the  otherwise 
Newtonian  suspensions  arc  observed  for  poiarizizabic  particles  in  a  low  pcnnitiivity  continuotis 
uhasc  (2)-  ^hc  applied  electric  field  induces  dipolar  interactions  tetween  the  particles  resulting 
in  the  development  of  panicle  structures  which  span  the  electrode  gap.  'Hie  forniiition  and  shear 
degradation  of  this  structure  is  lesponsiblc  for  the  duimatic  change  in  liic  rheoloitical  properties 
of  the  ER  fluids.  Even  though  stimc  understanding  of  the  phenomenon  has  been  achieved  ihe 
details  of  the  panicle  intcractinn  potential  arc  not  fully  undcrsWMKi.  As  a  result,  the  range  oi 
stress  transfer  properties  possible  is  not  yet  known.  Due  to  the  fact  that  the  stresses  that  are 
achieved  v/ith  currently  existing  ER  fluids  arc  lower  than  what  is  required  and  ilteir  power 
consumption  is  still  high,  commercial  devices  arc  noi  yet  available.  The  objective  of  much 
current  work  is  to  increase  the,  suess  wiihout  increasing  the  cuiiem  levels.  However,  a  recent 
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siudy  (3)  concerned  with  the  feasibility  of  automotive  devices  based  only  on  stress  transfer 
considerations,  concludes  that  damping  applications  become  feasible  provideti  increases  in  tlic 
yield  stresses  of  a  factor  of  two  to  three  are  realized. 

A  simple  but  successful  model  for  the  steady  .state  rheological  behavior  of  RR  fluids  is 
the  Bingham  plastic  whene  the  important  parameter  is  the  dynamic  yield  stress.  Experimental  and 
modelling  efforts  have  focused  on  the  measurement  and  prediction  of  the  dynamic  yield  stress 
and  the  elucidation  of  its  dependence  on  several  parameters.  The  stress  depends  on  the  strength 
of  the  interparticle  forces  and  on  the  structure  of  the  suspension.  The  effect  of  external  and 
material  parameters  like  the  electric  field  strength  (E).  the  type  of  the  field  and  its  frequency  (f), 
the  pcimitivity  (e)  and  conductivity  (c)  of  the  dispersed  particles  (p)  and  the  continuous  phase 
(c)  and  the  volume  fraction  of  tlie  dispersed  phase  (tp)  has  been  addressed  Tlic  inajority  of  the 
work  u()  to  the  present  has  dealt  with  increasing  the  imerparticic  forces  by  increasing  the  ratio 
or  E  (2).  Of  course,  there  is  an  upper  limit  to  which  the  clecn'ic  field  sirciigth  can  be 
increased  imposed  by  dielectric  breakdown  stiengih  considerations  as  well  as  by  power 
consumption  ones.  At  the  same  time  substances  wiili  large  permittivities  do  not  secmi  to  produce 
large  HR  effects  (2). 

Another  approach  to  increasing  (lie  dynamic  yield  sircss  lies  in  allering  the  suspension 
staicturc.  When  the  clctric  field  is  turned  on,  strands  of  particles  form,  aligncti  wiili  tiie  clectrie 
field,  wliich  extend  across  the  electrode  gap.  In  both  simulations  and  experiments,  slicar  is 
observed  to  produce  dense  clusters  or  strands.  Tlie  resulting  slruclures  arc  obseived  to  be 
insensitive  to  E  or  material  properties.  A  transition  from  thin  to  thick  clusters  near  a  volume 
fraction  of  0.3  is  observed  in  simulations  to  accompany  a  saiuralioii  of  tlie  dynamic  yicltl  stress 
(i.c,,  the  yield  stress  at  a  fixed  field  strength  Ireroincs  insensitive  lo  volume  fraction!.  Tlic 
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saturation  of  the  stress  has  been  attributed  to  the  formation  of  tlicse  thick  strands.  Bonnccaze 
and  Brady  (4)  demonstrate  that  tlie  saturation  in  the  yield  stress  (static  or  dynamic)  is  observed 
(except  for  non  touching  conducting  particles)  even  in  an  idealized,  single  particle  width  structure 
due  to  the  increased  importance  of  interchain  interactions  at  high  volume  fractions.  In  addition, 
calculations  by  Kraynik  show  (5)  that  double  particle  widtlt  strands  are  less  effective  in 
transfering  stress  thiin  single  particle  width  stands.  Tliese  calculations  clearly  indicate  that  the 
stress  is  sensitive  to  suspension  microstructurc  and  the  maximum  su'ess  is  transfered  if  all  the 
particles  arc  located  in  single  panicle  width  strands. 

As  a  result,  if  an  experimental  manifestation  of  the  idealized  structure  could  be  created, 
one  would  expect  increases  in  stress  transfer.  To  achieve  steady  state  incrctiscs,  ihe.se  structures 
must  be  stabilized  against  the  coarsening  effect  of  the  shearing  motion;  a  process  which  requires 
localizing  strands  at  particular  points  on  the  electrode  surfaces.  The  experimental  rciilization  of 
this  approach  requires  the  existence  of  a  no  slip  boundary  condition  (B.C.)  for  the  particles  at  the 
elecuode  surfaces.  This  may  be  achieved  by  fixing  particles  to  the  surface,  increasing  the 
strength  of  paniclc-cIcctrodc  interactions  or  increasing  electrode  roughness,  In  this  pajter,  we 
explore  the  effects  of  creating  positions  on  the  electrode  which  have  locally  enhanced  electric 
fields.  This  is  accom|)listied  by  placing  grooves  in  the  otherwise  smooUi  electrodes. 

The  effect  of  rough  elccuodes  on  the  CR  response  has  seen  little  systematic  investigation. 
The  only  exception  lies  in  the  studies  of  Motiknran  (11)  where  he  attached  to  one  or  both 
elcctiodc  surfaces  one  or  more  layers  of  a  cotton  fabric.  The  increases  in  the  measured  lortjuc 
were  small;  at  best  they  fell  short  of  even  a  factor  of  two  increase  over  the  snaxilh  electrode 
case.  No  visualization  of  llic  susixrnsion  during  the  shear  was  attempted.  As  a  result,  the  actual 


effect  of  the  cotton  fabric  is  not  clear.  In  summary,  the  importance  of  the  boundary  condition 
(which  depends  on  tlie  particle-wall  interaction  and  the  particle  and  electrode  surface  roughness) 
in  tlie  study  of  ER  fluids  hrs  been  largely  overlooked  experimenutUy  and  in  simulations  lias 
either  been  completely  ignored  (8)  or  treated  as  a  stick-slip  situation  (7).  On  tlie  ollicrliand,  to 
acliievc  tlie  maxiinuin  yield  stresses,  a  no  slip  B.C.  has  been  assumed  in  all  tlie  theoretical 
calculations  (4-6). 

In  magiieiorhcology  tlie  effect  of  the  paiticlc/sliearing  surface  boundary  condition  lias  been 
addressed  by  Bossis  and  Lemaire  (9,10)  who  have  studied  the  appaieiit  static  yield  stresses  of 
colloidal  polysty.enc  particles  with  magnetic  inclusions  dispcised  in  water.  The  magnitude  of  the 
yield  stress  was  found  to  depend  on  the  material  used  for  the  electrode  (fcrroiiiagiictie  or 
paramagnodc)  and  its  surface  roughness.  Depending  on  the  electrode  maicriaJ,  two  orders  of 
magnitude  differences  in  yield  sttess  are  reported  for  the  same  forces  acting  between  the  particles. 
Bossis  and  Lemaire  concluded  that  tlie  pianiclc-wall  interaction  is  very  imponam.  Unfortunately, 
in  elecu'oriicology  we  do  not  have  the  ability  to  change  tlie  iiiagiiitudc  of  tlie  particle-wall 
interaction  without  also  altering  the  magnitude  of  tlie  intcrpaniclc  force.  However,  we  can  vary 
tile  average  roughness  of  the  surface  of  the  electrodes,  or  engrave  a  particular  pattern  on  them 
and  therefore  create  sites  with  larger  electric  field  strcngtii.  in  tills  work,  we  report  preliminary 


results  towards  tliis  end. 
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FiBure  la.  The  shear  stress  for  the  given  ER  auiJ  aa  a  ftmcuoo  of  time  at  different  elcctriJ  field 

strengths  using  the  typical  sntooth  electrodes.  Tite  electric  field  strerigtlu  arc  given  in  kV/inrc, 
Figure  lb.  The  shear  stress  for  the  given  ER  fluid  as  a  function  of  time  n  differcat  electric  field 

sfrcngtiis  using  smooth  electrodes  with  grooves  paiallei  to  the  velodry  direction.  The  electric  field 
strengtiis  are  given  in  ItVftQm. 

Figure  Ic.  The  shear  stress  for  the  given  ER  fluid  aa  a  function  of  umc  at  different  electric  Geld 
strengtiis  ing  smood'  el-.-tiodcs  with  grooves  peipemlicuUr  to  the  veJodty  direction.  The 
electric  field  strengths  are  given  in  fcV/mni. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Suspensions  were  composed  of  hollow  microspheres  composed  of  silica  and  alumina  from 
I’Q  Corporation.  Ihc  received  [rowder  was  sieved  to  give  very  narrow  panicle  size  distribution. 
In  our  experiments  we  used  particles  with  diameters  in  tlic  range  90pm  to  lOdpni  and  an  average 
diameter  of  100pm,  widi  an  apparent  density  of  0.780g/cm’.  The  particles  were  susitcndcd  in 
white  light  miticral  oil  (Aldrich)  with  a  density  of  0.838g/cm’  and  a  Newioniim  viscosity  of  0.()2f) 
Pa  s.  The  volume  fraction  of  the  su.spension  was  0.253  and  had  a  Newtonian  viscosity  of  0.080 
Pa  s  in  the  absence  of  an  electric  field.  Tlie  rheological  experintents  were  iterfonned  ott  a  Bohlin 
VOR  Rheomcier  (Bohlin  Instrutncnts,  Inc.)  which  is  a  consiatu  rate  of  strain  rheometer.  The 
applied  electric  field  was  genet  ated  with  a  TIUEK  high  voltage  power  supjtly  and  amplifier 
(model  C63/6G2)  and  a  Beckman  Circuitinate  function  generator  (model  F02).  Olic  applied 
electric  field  was  a  sine  wave  of  KXIHz  frequency/,  and  its  reported  strength,E,  is  a  uuc  RMS 
value.  Uotlt / and  E  were  ttioniiored  continuously  during  the  ex[)erimciit  by  a  Fluke  45  multimeter 
atid  retnainctl  constant  withiti  less  titan  0.5%.  llic  reported  values  for  ilic  current  are  true  RMS 
values  as  well  and  were  incasured  contimiously  by  a  BK  2831  Dynascan  multimetci.  Hie 
fluctuations  in  the  values  for  the  cunent  were  less  than  2%.  Stress  growth  experiments  were 
canied  out  at  die  lowest  possible  shetu-  rate  of  1.995x10  ’  s  '  at  different  electric  field  strengths. 
The  value  for  the  shear  stress  at  this  low  shear  rate  can  be  considered  as  a  lower  bound  for  the 
dynamic  yield  stress  for  llic  .suspension.  Jllic  frequency  was  clunisen  to  eliminate  panicle 
eirculation  between  electrodes.)  We  used  tlircc  different  sets  of  stainless  steel  iiarallel  plates  : 
a)  with  smooth  surfaces  i.c.,  what  is  iradiiioiially  used,  b)  with  smooth  surf, sees  and  regularly 
sjjaced  grooves  paralle'  to  the  velocity  direction  (i.e.  concentric  circles)  and  c)  with  smooth 
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surfaces  and  regularly  spaced  grooves  perpendicular  lo  the  velocity  direction  (i.e.,  along  diameters 
of  die  circular  plates).  All  the  plates  had  a  30mni  diameter  and  were  held  at  a  surface  to  surface 
separation  of  Imm.  The  number  of  the  grooves  was  5  and  8  for  case  b  and  case  c  respectively. 
The  widdi  and  the  depth  of  the  grooves  wen:  in  both  cases  300pin  and  ISOpin  pcspcctivcly. 

Typical  stress  growth  curves  for  the  ER  fluid  arc  shown  in  figure  1.  The  approach  to  the 
steady  state  value  is  monotonic  for  smooth  electrodes  and  for  clectfodcs  with  grooves  parallel 
to  the  velocity  direction.  The  steady  state  values  arc  approximately  the  same  within  experimental 
uncertainty.  Tlic  same  is  observed  for  the  stress  growUi  curve  for  die  electrodes  with  grooves 
perpendicular  to  the  velocity  direction  lor  E=750  V/mm.  On  the  conuary,  for  these  electrodes  at 
higher  electric  field  strengdis  the  shear  stress  demonstrates  a  very  repeatable  and  periodic 
behavior  and  acliicvcs  an  "oscillatory  steady  state". 

The  steady  state  values  for  the  throe  different  gcomeuics  arc  plotted  in  figure  2.  Tor  the 
first  two  geometries  we  rcjxtrt  the  steady  suite  value  and  for  the  third  the  average  .sirc.'is  over  a 
number  of  periods.  The  typical  dependence  on  the  square  power  of  the  electric  field  is  clearly 
demonsirated  iiicaning  diat  die  suspension  behaves  like  a  classical  EU  fluid.  Eurthermore,  the 
shear  stress  measured  for  me  clccuodes  with  die  grooves  pcriicndiculiu-  to  the  velocity  direction 
is  about  two  times  larger,  at  all  electric  field  sirciigths,  dian  that  for  the  two  tnher  sets  of 
clccuodcs.  in  addition,  the  cuitciU  passed  through  the  suspension  is  the  same  for  all  the  differoru 
electrodes  (figure  3). 

Understanding  the  reasons  behind  the  different  rheological  behaviors  is  aided  by 
visualiialion  of  die  suspension  during  the  shearing  experiments.  Obseivaiion  with  lens  and  a 
video  camera  shows  that  for  smooth  electrodes,  clusters  densify  ujiou  .shearing  and  respond  to 
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dcfonnation  through  a  strand  breaking  and  refonnation  incclianism.  In  addition,  many  clusters 
show  a  stick-slip  motion  where  tlic  strands  remain  intact  but  slide  along  one  electrode  surface. 
In  system  3  where  electrodes  have  gioovcs  cut  pcniendicular  to  the  velocity  direction,  tliere  is 
accumulation  of  the  particles  ttext  to  the  groove  edges.  Tlicse  particles  never  move  from  their 
[xtsitions  whereas  ptirticlcs  "touching"  the  electrode  surface  far  from  the  grooves  are  ob.scrvcd 
to  slide  along  the  surface  of  the  electrode  and  occasionaiy  leave  it.  Single  panicle  width  strands 
ate  not  obscivcd  for  any  of  the  three  electrode  configurations  investigated.  1‘Or  system  3,  walls 
of  panicles  two  or  thicc  particles  thick  next  to  die  grooves  and  all  along  their  edges  are  observed. 
In  addition,  columnar  structures  with  one  end  lying  next  to  a  groove  but  tlic  other  being  a  panicle 
attached  to  tlic  smooth  part  of  the  opposite  elccdode  have  been  observed.  Tlicsc  columns  su~ain 
under  tbc  action  of  tlic  shear  field  but  they  do  not  reach  the  maximum  strain.  Instead  the  sdand 
end  lying  on  tits  sniootli  electrode  slides  (i.c.,  the  strand  has  u  kind  of  a  stick-slip  motion).  In 
comparison  to  this  behavior  when  only  one  end  of  a  strand  is  pinned  by  a  groove,  when  both 
ends  of  a  strand  arc  particles  next  to  a  groove,  the  strand  never  slips,  insictid  ii  gets  fully  siruined 
and  always  breaks  approximately  in  Uic  middle.  Visualizulion  also  shows  that  the  minimum  in 
the  shear  stress  coinsidcs  with  the  grooves  being  in  pha.se  wliercas  llie  inaxinium  coircsponds  to 
the  grooves  being  out  of  pitasc.  These  observations  suggest  that  under  many  ciicumstanccs,  the 
weak  link  in  the  ])olarization  force  induced  cliains  of  panicles  lies  at  the  clectnxlc  panicle 
interface  rather  than  between  particles  within  the  chain. 

By  intuition,  wc  expect  the  disturbance  to  the  electric  field  due  to  the  grooves  to  he  nio.si 
prominent  close  to  the  edge  of  a  groove.  Preliminary  finite  element  calculations  for  our  particular 
groove  geometry  show  that  the  electric  field  can  increase  up  to  a  factor  of  two  next  to  the  edge 
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compared  to  everywhere  else  along  tlte  electrode  surface  or  across  tlie  gap.  Also  the  relative 
position  of  the  grooves  at  the  two  plates  has  no  effect  on  the  electric  field  (i.c.,  the  disturbances 
appetu-  to  be  decoupled).  Based  on  this  information  we  argue  that  the  periodic  stress  trace  for 
system  3  is  not  due  to  a  change  in  the  electric  field  experienced  by  the  particles. 

After  eliminating  variations  of  the  electric  field  as  being  at  the  origin  of  the  periodic  stress 
curves,  we  are  drawn  to  an  explanation  that  this  behavior  of  the  stress  is  the  result  of  tlie 
existence  of  two  types  of  sites  of  attraction  (strong  and  weak)  on  the  surface  of  the  electrode 
(which  arc  allowed  to  interact).  These  two  sites  give  rise  to  stands  that  defonn  1)  according  to 
a  no  slip  B.C.  and  2)  a  stick-slip  B.C  respectively.  The  minimum  stfess  corresponds  mainly  to 
the  conuibutlon  of  all  the  stands  not  associated  witli  the  edges  of  tlie  grooves  since  td  that  time 
they  arc  weakly  suained.  The  difference  between  the  maximum  and  the  minimum  stresses  is  a 
nieasuie  of  die  sacss  associated  with  the  strands  Uiat  are  associated  with  the  grooves  and  is  an 
indication  measure  of  the  true  dynamic  yield  stfcss  of  the  suspension  if  all  panicles  were 
incorporated  into  strands  which  experienced  a  no  slip  B.C.. 

The  period  of  the  stress  pattern  is  inversely  proportional  to  the  imposed  shear  rate  for  a 
range  of  shear  rates  from  1.995x10’  to  1.979x10’  s'.  Visual  observations  during  o.scillation 
experiments  confinn  tlie  distinction  of  two  types  of  strands  indicated  by  the  shearing  experiments. 
Of  course,  the  parallel  plate  geometry  with  the  variable  shear  rate  and  distance  between  the 
grooves  across  the  plate  complicates  the  analysis.  Experiments  witli  polyaniline  panicles,  of  a 
much  smaller  and  polydisperse  size  and  irregular  shape,  i.n  silicone  oil  have  shown  the  same 
periodic  behavior  for  the  stress. 

The  lack  of  increases  seen  with  electrodes  with  grooves  cm  in  the  dircclitni  of  the  velocity 
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field  arc  then  understood  in  two  ways.  First,  that  the  accumulation  of  particles  at  the  edges  of 
the  grooves  creates  coarse  structures  at  the  very  regions  of  the  no  slip  B.C.  and  as  a  result  what 
is  gained  because  of  its  realization  is  lost  because  of  the  lower  stress  transfer  capability  of  thicker 
structures.  The  reason  that  these  electrodes  do  not  show  a  periodic  sUess  trace  is  that  the  two 
sitc.s  (strong,  weak)  do  not  interact  with  each  other.  Alternatively,  it  can  be  understood  in  terms 
of  the  lack  of  a  blocking  of  particle  slip.  While  grooves  perpendicular  to  the  velocity  direction 
create  local  potential  minima  which  resist  particle  displacements  in  the  velocity  direction,  grooves 
parallel  to  the  velocity  direcdon  offer  no  such  blocking  action.  Thus  while  columns  of  particles 
arc  expected  witli  grooves  parallel  to  tlie  velocity  dimetion,  tliesc  grooves  offer  no  mechanism 
to  produce  a  no  slip  boundary  condition. 


CONCLUSIONS  AND  FUTURE  WORK 

From  the  above  described  experiments  on  our  generic  ER  fluid  wc  can  airivc  at  the 
following  conclusions; 

1.  Single  particle  width  strands  will  be  very  bard  to  realize  experimentally  even  under 
conditions  that  provide  for  very  localized  structures. 

2.  Localization  of  tlic  suspension  suuciurc  can  be  achieved  and  caji  be  visually  observed 
when  grooves  are  cut  on  the  surface  of  tltc  clcctfodc  perpendicular  to  tlic  velocity  direction. 

3.  Tlie  existence  of  two  types  of  sites  on  tlie  surface  of  the  electrode  witli:  a)  strong 
attraction  next  to  the  edges  of  the  grooves  (stick)  and  b)  weak  attraction  at  the  smooth  surface 
(stick-slip)  seems  to  be  supixrrtcd  by  visualization  of  the  .suspension  under  sbearinp  and 
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oscillaiion  cxpcrittieius. 

4.  Columnar  structures  with  both  ends  lying  near  the  edges  of  grooves  do  not  slip  but 
strain  and  break  in  the  middle  of  tlte  gap.  On  the  contrary,  suands  associated  with  the  smooth 
pait  of  the  electrode  follow  a  stick-slip  pattern  of  deformation  (motion).  Tliereforc,  increases  in 
the  value  of  the  yield  stress  can  be  effected  by  reducing  slip  of  the  particles  at  die  wall. 

5.  The  above  observations  provide  a  reasonable  explanation  for  both  tlte  twofold  increase 
in  tlte  stress  and  its  periodic  nature  with  time. 

6.  Creating  a  pattern  of  grooves  perpendicular  to  the  velocity  direction  on  tlte  surface  of 
an  otherwise  smooth  electrode  results  in  twofold  increases  in  the  dynamic  yield  stress  while 
keeping  the  current  tlie  same. 

Continuitig  investigations  arc  underway  in  order  to  evaluate;  1)  the  influence  of  a  unifomi 
roughness  on  die  surface  of  the  electrodes  of  the  order  of  the  particle  siws  (rough  surfaces  of 
roughness  of  about  l(K)p.tn  and  SOiiin),  2)  tlte  effect  of  varying  die  number  of  the  grooves,  and, 
3)  die  effect  of  the  particle  diameter.  We  also  plan  to  perform  experiments  with  concentric 
cylinders  where  many  complications  dtat  arc  present  in  the  parallel  plates  arc  absent. 
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Figun  2.  Average  values  for  (lie  shear  stress  u  a  funenoa  of  the  electric  field  strength.  The 
squares  are  for  the  electrodes  with  grooves  papendicular  to  the  velocity  direction.  The  diamonds 
oic  for  the  clectxodcs  with  the  grooves  poraliei  U)  the  velocity  direction  and  the  circles  for  the 
smooth  electrodes. 
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Figure  3.  Average  values  for  the  current  as  a  function  of  the  ^irrtrir  strength.  The  squares 
are  for  the  dectrodcs  with  grooves  petpendiculir  to  the  vclociry  direction.  ThcTliainonds  are  for 
the  electrodes  with  the  grooves  parallel  to  the  velocity  diicciiun  and  the  elides  for  the  smooth 


eJectrrxlcs. 
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ABSTRACT 

The  dynamic  strc,ss  response  ol  a  model  eleclioilieological  (LR)  fluid  system  to 
I'seillating  shear  strains  has  been  measured.  The  tnodcl  .system  a  suspension  of  barium 
tilanate  particles  in  a  nonaqueous  .solvent,  exhibits  substantial  KR  activity  only  in  alternating 
(ac)  electric  fields.  A  nove;  double-modulation  leehni(|ue,  in  which  the  component  of  the 
oscillating  shear  stress  modulated  at  twice  the  frequency  of  llie  applied  ac  electric  field  is 
detected,  was  used  to  decompo.se  the  s'ress  responi.e  into  a  modulated  component  that  results 
directly  from  field-induced  eleeiroslalie  interactions  between  the  suspended  particles  and  an 
u.nmo'iulaied  component  lhal  is  the  result  of  other  inlerparticle  interactions.  Use  of  litis 
icchnique  reveals  that  the  viscoelastic  rcspon.se  of  Ihe  barium  lilanaie  suspensions  ai  small 
sirains  results  Irom  nonclecirosiatic  imerparticle  interactions,  while  for  larger  strains  the 
directly  field-induced  inleraciioiis  dominate.  The  measured  field-dependent  moduli  and  static 
yield  stresses  are  cotnpaied  with  the  results  of  finite-element  calculations  on  ordered  arrays 
o(  dielectric  spheres  embedded  in  a  dielectric  medium.  The  good  agreement  of  the 
pretitetio'is  of  this  model  with  thc.se  and  other  experinienis  demonsi  rales  lhal  Ihe  electrostatic 
model  suceessluily  describes  'he  field-induced  behavioi  ol  this  chess  ol  ER  Huids. 


1.  Intn)dur‘i()n 

Dcsigiiiiig.  elec  ..lihcologicnl  fliR)  Hinds  tliiii  will  ciitilile  the  develtipmeiit  iit 
iidup  .A'C  (M  active  clec'.niiiieclianical  devices  litis  iiHitivtile.d  LR  research  tioiii  its 
irice  atit.it'  ■*.  Extimpl-.)  (it  thc.se  devices  iiichidc  aultinuitive  sluick  absiirbcrs'''^’  ttnd 
engine  niiuints^'^.  M'lwever,  .snme  itutDiiidlive  and  efber  tipplicatiiins  of  Lil-l  fluids 
tre  ntn  feasible  at  piesent  because  of  the  leltilively  .small  field-induced  slietir  sfres.ses 
exhibited  by  current  ER  fluid.s'\  A  primary  goal  of  ER  mtiteritils  re.seurch  is  thus  to 
foriiuilate  fluid  .systems  with  higher  field-induced  shear  stresses  or,  failing  thttl,  tti 
undei  stand  the  physic:. I  constraints  Ihtit  prevent  their  development. 
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Many  rheological  studies  of  ER  fluids  have  focused  on  steady  shear  flows  at 
relatively  high  shear  rates,  in  part  because  these  flow  conditions  are  encountered  in 
most  devices.  Nonetheless,  the  nature  of  the  ‘gels’  or  weak  solids  formed  by  the 
application  of  electric  fields  in  ER  fluids  can  be  profitably  studied  by  their  dynamic 
viscoelastic  response  at  relatively  small  .shear  .strains  and  strain  rates.  For  example, 
the  electric  field  dejiendence  of  the  viscoelastic  moduli  car.  indicate  which  interpiii  - 
ticle  interactions  are  responsible  for  the  rigidity  of  ER  gels.  Unfortunately,  little 
agreement  on  the  field  dependence  has  emerged:  several  studies  have  identified 
strongly  electric-field-dependent  shear  moduli”*"’^,  while  another  found  almost  no 
dependence  of  the  moduli  on  the  magnitude  of  the  field Remarkably  large  storage 
moduli  have  been  observed  both  in  parallel-disc''^  iind  bending-betim''*'’'''  c'xpcri- 
ments.  Recent  analytical'^’"’  and  simulation’^  results  suggest  thtit  the  freL|ucncy- 
dependent  viscoelasticity  of  ER  gels  is  a  sensitive  probe  ol  their  structure.  The 
nonlinear  viscoelastic  response  of  ER  gels  for  stresses  beyond  the  static  yield  stress 
has  been  characterized  by  Fourier  analysis’"  ;ind  by  panimetric  modeling’'^;  the  rtitc 
of  dissipation  of  mechanical  energy  hits  al.so  been  measured  in  this  regime^". 

Important  physical  insight  into  elecfnn  heological  phenomena  was  provided  by 
the  dipole  model^’'^"',  in  which  the  primary  role  of  the  itpplied  electric  field  0,)  in  tin 
ER  fluid  is  to  induce  a  polarization  V  =  aE,)  in  each  suspended  particle.  The 
resulting  dipole-dipole  interparticle  forces,  which  vai^  as  P  •  P  -  E,)^,  result  in  well- 
known  ER  phenomenti  like  the  formation  of  itarticle  chaiius,  columns'’’'’,  and  more 
complicated  gel  structures^'''^’’,  as  well  as  the  appearance  of  a  nonzero  shettr  modulus 
and  yield  stress  '  '  ,  While  the  obseived  E  dependence  of  the  structure  formation 
rate^^  and  the  yield  .stre.ss  in  some  ER  tluids  directly  follow  from  this  model,  it 
severely  underestimates  the  magnitude  of  the  measuied  stre.sses'"’. 

One  source  of  this  discrepancy  is  the  tipproximate  nature  of  the  dipole  model, 
i.e.,  its  neglect  of  higher-order  multipole  fields  and  local-field  effects  caused  by  the 
interactions  of  neighboring  particles  in  these  dense  suspensions^"’^".  Approaches  that 
have  been  used  to  obtain  the  induced  electrostatic  forces  between  panicles  in  ER 
solids  include  series  expansions'^’"^^  and  finite  element  analyses^'^''’'^;  in  the  latter,  the 
decrease  in  the  stored  electrostatic  energy  produced  by  a  shear  strain  applied  to 
oidered  arrays  of  particles  is  equated  to  the  mechanical  work  required  to  deform  the 
array  quasistatically  at  constant  applied  voltage,  allowing  the  electrostatic  contribution 
to  the  shear  stre.ss  and  shear  modulus  to  be  calculated'”  As  ihese  approaches 
presume  quasistatic  deformations  of  the  gel  structure,  they  are  applicable  to  field- 
induced  stresses  at  small  strains  and  .strain  rates;  to  treat  ER  (thenomena  at  high 
shear  rates,  they  must  be  amended  to  include  hydrodynamic  forces'^*’’’^''.  They  also 

■lo 

do  not  include  other  interparticle  interactions'  such  as  screened  Coulomb  repulsive 
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and  van  der  Waals  attractive  Ibrces'^^. 

Tliese  electrostatic  models  can  be  used  to  predict  the  electrorheological 
behavior  -  the  field-induced  shear  modulus  and  static  yield  stress  -  of  dense 
suspensions  of  dielectric  particles  in  a  dielectric  fluid.  Both  the  simple  dipole  and 
more  sophisticated  electrostatic  models  suggest  that  the  strongest  ER  fluids  are  those 
with  the  largest  ratio  of  particle  to  fluid  dielectric  constant.  A  quantitative  test  of  this 
design  rule  for  ER  fluids  is  highly  desirable,  both  to  assess  our  present  understanding 
of  the  physics  of  electrorheology  and  to  suggest  how  one  can  make  better  ER  fluids. 

The  dynamic  viscoelasticity  of  a  model  anhydrous  ER  fluid  at  very  small  strains 
and  strain  rates  is  reported  here.  In  order  to  extract  that  portion  of  the  shear  stress 
response  that  results  directly  from  the  induced  particle  polarization  in  this  system,  a 
double-modulation  technique  --  detection  of  the  shear-stress  modulation  induced  by 
sinuosoidal  electrical  excitation  at  a  frequency  higher  than  the  mechanical  oscillation 
frequency  -  has  been  used.  The  field-controlled  moduli  and  yield  stresses  obtained 
from  this  technique  were  compared  with  the  predictions  of  a  finite-element  model  for 
the  stored  electrostatic  energy;  the  agreement  obtained  demonstrates  that  the 
electrically-induced  contribution  to  the  shear  stress  does  indeed  result  from  the 
storage  of  electrostatic  energy  in  ER  fluids  consisting  of  dielectric  particles  in 
insulating  liquids.  However,  the  field  independent  moduli  observed  at  very  small 
strains  are  apparently  due  to  other  interparticle  interactions  that  are  indirect 
consequences  of  field-induced  structure  formation. 

In  tlie  following,  the  techniques  used  for  the  viscoelastic  measurements  will  be 
detailed  and  results  for  a  model  fluid  will  be  presented.  The  modeling  techniques 
used  to  predict  the  field-induced  moduli  will  be  outlined  and  results  will  be  compared 
with  experiment. 


2.  Experimental  Methods 

The  model  fluids  utilized  in  this  study  were  ctimposed  of  barium  titanate 
particles  (TAM  Ceramics)  having  =  21)1)0“***,  suspended  at  volume  fractions  4>  = 
0.20  in  dodecane  (Kf=2.0)  or  .silicone  oil  (Kj  =  2.5).  The  notation  that  Cj  =  Rjc-o, 
where  i  =  p  or  f  for  particle  or  fluid  respectively,  and  where  tj  is  the  permittivity,  K| 
is  the  relative  permittivity,  and  tj,  is  the  permittivity  of  free  space,  8.85417  x  lO'*^ 
F/m,  is  used  throughout  this  paper.  The  particles  were,  dried  in  vacuo  at  temperti- 
tures  greater  than  120  “C  for  eight  hours  prior  to  dispersion  in  the  suspending  fluids. 
The  equivalent  spherical  diameter  of  the  particles,  1.3  ±  0.3  ^m,  was  estimated  by 
optical  microscopy;  the  particles  were  irregular  polyhedra  in  shape.  As  described  by 
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Garino,  ct  al.'**’,  a  small  aTnuunt  of  the  surfactant  f)LOA  1200  (Chevron)  was  addeiJ 
to  the  dodecane  suspensions  to  enable  particle  dispersal.  The  fluid  samples  were 
thoroughly  mixed  prior  to  the  rheological  measurements.  All  data  were  taken  at 
room  temperature.  T  =  22.  ±  1  “C. 

A  controlled-strain  rheometer  system  was  constructed  around  a  microstepping 
motor  (Parker  Compumotor  DR  1()08B)  having  5.1  x  10^  steps  per  revolution.  The 
anguhir  position  of  the  motor  was  determined  hy  an  optical  lever:  the  deflection  of 
ti  He-Ne  Ittser  beam  from  a  mirror  attached  to  the  motor  was  detected  by  a  linear 
position  sensor  (Advanced  Photonix  SD  1 166).  The  motor  position  was  controlled 
by  a  closed-loop  proportional  feedback  loop  that  comptued  the  measured  angiikir 
position  with  tin  analog  reference  signal  derived  from  a  function  generator  (Txact 
627),  allowing  sinuosoidal  or  other  o.scillatory  motion  to  be  generated.  The  rntiximum 
frequency  at  which  the  motor  oscillations  could  be  controlled  was  about  20  Hz.  Both 
Couette  (cup  and  bob)  and  parallel  disc  fixtures  constructed  of  stiiinless  steel  were 
utilized;  the  motor  drove  the  grounded  outer  cup  in  the  Couette  geometry  or  the 
lower  disc  in  the  rotatiitg  disc  geometiy. 

The  torque  trtinsmitted  through  the  sample  to  the  nominally  statitmary  fixture 
was  measured  using  a  strain-gaugc-bnsed  sen.stir  (Sensotec  QWLC-81V1)  electrically 
isolated  from  the  fixture  by  it  length  of  machinable  glass-ceramic.  High  voltage  was 
applied  to  the  upper  fixtuic  using  a  high  voltage  amplifier  (Trek  10/10)  driven  by  tt 
second  signal  generator  (Wtivetck  75);  high  voltage  smuo.soidal  waveforms  with  ;i  20 
kHz  bandwidtli  were  avtiilable.  The  angular  compliimcc  of  the  upper  fixture/torque 
sensor  itsscmbly,  ~  1250  N-m/rad,  wtis  measured  using  a  second  optictil  lever,  estab¬ 
lishing  the  [troportionality  of  the  torque  signal  iind  the  angular  position  of  the  fixture, 
and  thus  allowing  the  measurcnicnl  and  leedback  control  of  the  net  angular  deflec¬ 
tion  of  the  sample.  Knowledge  and  control  of  the  net  shettr  strain  was  essential  to 
chaiiicterizc  the  t:U  gel  viscoelasticity  ;il  simill  strain  amplitudes’'.  The  torsional 
le.sonanee  of  the  Couette  fixture  was  identified  at  ~  400  l  lz.  As  Lou  ct  al.  have. 
|)ointed  out,  this  resuiianec  places  an  upirei  limit  on  the  frequency  of  the  ac  fields 
thiit  can  he  applied  without  involving  eomplications  due  to  fixture  dynamics''-; 
consequently,  tlie  excitation  liequeneies  u.sed  in  tliis  study  were  well  lielow  it. 

Time  series  of  the  strain,  stress,  ap|)licd  liigli  voltage,  and  eurreiii  were  stored 
and  averaged  in  a  digitizing  osi  illoscdne  ( l  ektionix  1  1401).  The  in-ph;ise  (storage, 
Ol')  and  quadrature  (loss,  a|")  components  u!  tlie  [teak  total  stress  =  Ko;’)^ 

-t-  fa|")^]'^^  were  measured  via  pha.se -.sensitive  deteciion  using  a  lockin  timpliiier 
(Stanford  Researclr  Systems  SR  850).  The  siibseript  1’  denotes  tlie  component  of 
the  stress  at  tlie  fundamental  Ircqueney  I.  of  tlie  oscillating  applied  strain;  liigliei  odd 
liarmonies  a]ipear  in  the  noiilineai  vj,seoelasiu-  regime"'.  Because  ae  electric  fields 
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are  applied  to  the  sample  ;is  it  is  shctired,  a  portion  of  the  stress  is  modulated  at 
twice  the  frequency  f^.  of  the  electric  field:  in  effect,  the  polarization-induced 
interirarticle  forces  responsihle  for  the  ER  effect  are  turned  on  and  off  each  time  the 
electric  field  is  reduced  to  zero.  'I'he  douhle-niodulation  technique  involves  detecting 
this  superimposed  stiess  modulation  with  ;i  .second  lockin  iinqilifiei;  the  components 
of  that  amplitude  which  varied  witli  the  applied  strain  were  detected  by  ti  third  lockin 
tuned  to  fj..  Iti  order  to  tninimize  systematic  errors  due  to  the  sensitivity  ot  the 
sample  rheology  to  excitation  and  strain  histtny,  the  .samples  were  ‘conditioned’'^  by 
the  application  of  high  fields  (typically  i  kV/mm  peak)  and  nonzero  strain  amplitudes 
(  -  lO''^)  for  severtd  minutes  before  diitii  taking  tn  etich  new  field. 

3.  lixpei  imcntal  Results 

Electrification  of  ER  fluids  containing  highly  pttlarizable  particles  like  barium 
tiianate  or  other  met;il  oxides  by  high  dc  electric  fields  letids  to  surprisingly  smtdl 
field-induced  shear  stresses'^-’’'''*.  However,  ac  excitation  at  frequencies  as  low  as  a 
few  1  Iz  gives  rise  to  substantial  ER  activity ‘**’’‘*•'1  These  obseiviitions  are  significtint, 
although  not  widely  appreciated;  they  demonstrate  that  particle  polarization  is 
moderated  by  the  particle-tluid  conductivity  mismatch  in  dc  fields,  and  that  only  in 
ac  fields  does  the  dielectric  mismatch  control  the  [tohirization  and  the  resulting  ER 
aclivity^''”^'*''’^’.  They  also  reflect  that  electrophoretic  de[)ositit)n  of  the  particles  in  dc 
fields  can  interfere  with  ER  activity''^. 

Ati  example  of  the  time-dependent  shear  stress  induced  by  the  simultanetms 
ap|)lication  of  a  1).  =  1  Hz  sinuosoidal  shear  strain  of  peak  amplitude  7pj,.,ij  -  10'^, 
I'ig.  la.  iind  a  f^,  =  H)  Hz  sinuo.soidal  electric  field  of  jteak  iimplitude  .1  kV/;Tnn,  Fig. 
lb,  is  shown  in  Fig.  Ic.  Several  interesting  features  can  be  discerned  from  these  dtitti. 
First,  a  portion  of  the  shear  stress  is  clearly  modulated  at  iwicc  the  frequency  of  the 
ujrplied  electric  field;  tins  portion  results  directly  from  field-induced  electrostatic 
interactions.  To  ju.stify  the  obseiwed  frequency  doubling,  consider  a  time-dependent 
electric  field  E(t)  that  varies  tis  E(|Cos(2irfJ).  Assuming  that  the  interparticle 

■j 

jiolariziition-itiduced  force  varies  as  b  (t),  the  resulting  shear  stress  varies  as 
E.,i^ct)s^'(27rfj^.t)  =  E,|^(  I  +  cos(4vrfj.t)),^2.  Thus  the  frequency  at  which  the  directly 
field-induced  stress  varies  is  21,.,  as  is  found  experimentiilly.  Another  possible  source 
of  stress  modulation  at  21',,  is  Ihe  periodic  dhstortion  of  the  ER  gel  structure  induced 
by  the  simultaneous  application  of  shear  and  ac  electric  fields'*^.  Second,  inspection 
ol  Fig.  Ic  reveals  that  an  underlying  component  of  the  shetir  stress  is  not  modulated 
at  21,^.  I'his  unmodulated  comjionent  mtiy  be  plausibly  tiscrilied  to  other  interparticle 
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interactions,  e.g.,  van  der  Waals  attractive  forces,  that  become  relevant  because  of 
polarization-induced  interparticle  contact  in  the  ER  gel  structure.  Third,  the  overall 
stress  envelope  is  not  linearly  related  to  the  applied  sinuosoidal  strain:  nonlinear  or 
yield  phenomena  are  thus  encountered  even  at  a  strain  amplitude  of  only  10"^  in  this 
system. 

Indeed,  a  linear  viscoelastic  regime  is  ob-served  only  for  <  6  X  10"'*;  in 
this  regime,  the  storage  modulus  is  virtually  independent  of  field  and  is  quiie  large, 
of  the  order  of  several  hundred  kPa'^"^.  In  order  to  quantity  the  induced  electrostatic 
contribution  to  the  vi.scoelastic  response  of  the  model  fluid,  the  magnitude  of  the  total 
shear  stress,  (Eig.  2a),  as  well  as  the  portion  of  the  shea''  stress  modulated 

at  2f^,,  I  I  (Fig.  2b),  were  measured  as  a  function  of  peak  strain  amplitude  (f,.  = 
2  Mz)  and  rool-mean-square  (rms)  electric  field  amplitude  (sinuosoidal  excitation  with 
fj,  =  20  Hz).  Referring  to  Fig.  Ic,  it  is  noted  that  is  qualitatively  related  to 

the  smoothed  amplitude  of  the  total  shear  stress  while  is  comparable  to  the 

peak  amplitude  of  the  field-modulated  portion  of  the  stress.  Fig.  2  reveals  that  the 
total  shear  stress  is  dominated  by  non-field-induced  interactions  for^p^i^  <  2  X 
while  the  direct  contribution  from  particle  polarization  dominates  for  larger  strains. 

The  linear  variation  of  the  polarization-induced  stress  with  strain  at  small 
strains  allows  one  to  obtain  a  polarization-induced  modulus  whose  magnitude 
I  is  defined  as  I  <r/'^'V‘^Tpcak  of  small  stie.s.ses.  The  field  depen- 

detice  of  the  measured  is  compared  with  a  fit  to  the  expected  quadratic 

dependence  on  electric  field  in  Fig.  3.  A  departure  fntm  the  expected  E  depen¬ 
dence  may  indiciite,  e.g.,  the  presence  of  nonlinear  conductivity  effects'''*. 

The  characteristic  strain  at  which  the  electrostatic  comitonent  of  the  stress 
saturates,  -  lO"^,  is  qualitatively  related  to  the  dimensionless  range  of  the  relevant 
inter()article  interactions;  that  this  .strain  is  two  orders  of  magnitude  smaller  than 
predicted  from  the  dipole  model  is  consistent  with  the  relevance  of  short-range 
inultipole  electrostatic  interactions.  The  plateau  in  obseived  for  die  Ittrgesi 

strains  can  be  associated  with  the  polarization-induced  Cvintribution  to  the  static  yield 
stress  Oy  These  jHilarizalion-induted  .stresses  and  moduli  will  now  be  cumptued  with 
the  predictions  of  an  electrostatic  model  of  the  HR  effect. 


4.  TTieory 

In  this  section,  the  finite  element  analysis  (EEA)  of  the  stresses  in  an  ER  fluid 

1C 

is  sketched;  the  method  has  been  de.scribed  previously ' '  “ .  'Fhe  previous  analysis  is 
modified  by  introducing  an  axisymmelric  model,  which  is  computationally  more 
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iMgurc  3:  The  vaiTilion  ut  the  electrostatic  contribution  to  the  shear  modulus  with 
rnis  electric  held.  The  solid  line  is  a  fit  to  the  expected  Ir  dependence. 

efficient  than  the  full  three  dimensional  (3D)  model  used  in  prior  work.  I’he  analysis 
IS  also  extended  by  explicitly  calculating  the  static  yield  stre.ss  Oy.  As  hetbre,  only 
single  chains  are  considered;  clustering  of  chains  into  columns  is  beyond  the  scope 
of  this  work. 

A  diagram  of  the  model,  I  'lg.  4,  shows  one  spherical  particle  and  its  unit  cell 
in  the  chain.  The  chain  is  aligned  a'ong  tire  applied  electric  field  which  is  taken 
to  be  the  z  directivin.  In  the  full  3D  model,  it  was  assumed  that  the  '’’'ains  were 
arranged  on  a  square  lattice  in  the  xy  plane,  lluwevei,  for  dilute  concentrations  {4i 
=  0.2  was  used  in  these  calculations),  the  stre.sses  should  not  be  sensitive  to  the 
latcrtd  arrangement  of  the  chains.  It  is  reasonable  to  assume  that  the  chains  are 
arranged  som.ewhat  randomly,  suggesting  tluii  invoking  Lylindrical  symmetry  about  the 
■/.  axis  is  a  good  approximation.  Thus,  the  boundary  condition  thiit  the  lateral 
component  of  the  electric  field  (E^)  vanishes  on  the  cylindrical  surface  defined  by  p 
=  W  is  imirosed.  The  size  of  the  cylinder  is  determined  by  the  volume  fraction  of 
liarticles:  W  --  (2R^/3h</))'^,  where  R  is  the  irarticle  radius.  The  center-to-eem--i 
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Figure  4:  Axisymmetric  geometry  used  lor  finile-elernem  calculations.  One  ot  an 
infinite  chain  of  particles  Ls  shown.  The  unit  cell  is  shown  with  dashed  lines  and  the 
computational  region  with  solid  lines.  The  applied  electric  field  is  in  the  7.  direction. 

distance  between  adjacent  particles  in  the  chain  is  d  =  2h.  The  remaining  boundary 
conditions  are:  the  potential  ’ll  =  -E|)h  ttn  the  ])lune  at  z  =  h,  ■!>  =  0  on  the  ]il;nie 
ai  z  =  0,  and  the  normtil  component  of  the  displacemeitt  D  =  fE  arc  continuous 
at  the  surface  of  the  particle.  Laplace’s  equation  V“4>  =  0  with  these  boundary 
conditions  is  solved  by  the  l’'EA  code  ABAQUS  (from  Hibbit,  Karls.son,  and 
Sr'ienson,  Inc.,  Providence,  Rl)  to  find  the  potential  and  electric  field  everywhere  in 
the  unit  cell. 

An  effective  dielectric  constant,  K^||((|,  is  ciilculated  from  the  integral  of  13^ 
ovei  the  ujrper  .surface  of  the  unit  cell  (7  =  h): 

W 

Repre-  nta’  ve  plots  of  vs  d  =  2h  have  been  displayed  in  Ref.  .14. 

lire  analysis  from  this  point  on  is  based  upon  the  approximation  that  the 
dmniiiant  effect  in  the  shear  stre.ss  <j  is  due  to  the  stretching  of  the  chains,  as  has 
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been  justified  in  Ref.  34.  We  take  h  =  h(,  .secOy,  where  is  tlte  sliear  angle  and  h,, 
^  R  (If  particles  ttnich  the  equality  hold.s  ).  The  .shear  stress  is  given  by^'^'^'* 


dK 


a=--tn 

2  “  ae, 


^0’ 
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a/C,.,v  dK,y 

"  =  ”/i„seea„tanO„. 
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The  deriviitive  with  respect  tu  h  is  taken  with  the  volume  fraetiun  4,  held  constiint 
(thus  W  varies  with  h),  because  a  shear  strain  preseives  tlie  volume  of  the  unit  cell, 
The  shear  stress  a  goes  as  GO^,  for  smtill  .shear  .strains.  The  modulus  G  can 
he  found  from  licp.  (2)  and  (3)  to  be 
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The  dejjendence  of  the  shear  modulus  on  interpartiele  spacing  fur  represcntiitive 
ratios  of  dielectric  constants  is  shttwn  in  big.  5.  The  derivative  is  evaluated  at  three 
different  values  of  the  g<ip  25  between  particles  at  zero  shear  and  is  plotted  against 
5/R  =  (h(|-R)/R,  h,)  being  the  minimum  allowed  vtilue  of  It.  bor  typical  m'cron-sized 
particles,  the  smallest  gtip  considered  is  only  ti  few  nanoineiers.  As  is  clear  from 

o  "I 

the  figure,  the  mttdulus  is  sensitive  to  the  assunied  gap.  Previous  calculatittns'  in 
effect  itssumed  hfR  —  x  Hr',  leading  to  sniiiller  values  of  Ci.  bor  example,  for 
Kj,/K|  =  2.3,  the  full  3D  ealcuhition  at  this  linger  gap  gave  CJ  =  44.S  Pit  with  4  -  (1.2 
and  H,|  =  2  kV/mm.  I'aking  Kj/Kj  =  HHK)  iiiid  it  plausible  value  ot  5/R  *  3  x  U)  \ 
the  predicted  shear  moduli  are  in  good  agreement  with  the  experimental  politri/aiion- 
indueed  moduli  in  the  bariunt  tiliinaic  system.  Ihg.  3. 

'if 

Uonnecaze  and  Brady  h.tve  suggested  that  tlte  static  yield  stress  ciiit  be. 
de'ermirted  by  finding  the  itiaximunt  value  of  a  as  a  function  of  O^y  Hvaluating  liqs. 
(2t  and  (3)  numerically  from  the  FEA.  the  dependence  t)f  the  yield  stress  oit  K.,  has 
been  determined;  the  results  scale  as  E,)  and  are  proportional  to  Kj  for  /tverf  R|,/K.f 
For  dilute  cctncentrations.  is  linear  in  </>.  RcsliIis  tire  plotted  for  K.,  =2.  4>  —  l)-2. 
and  E|)  =  1  kV/mm  in  Fig.  b. 

Experimental  values  of  are  also  compared  to  this  FEA  theoiy  in  big.  b. 
The  circles  are  datii  of  Giirino,  et  al.”*^’,  while  the  square  was  obtained  front  the 
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d/R 


['igurc  5:  C^ikulatci.1  shear  hmuJuIus  vs.  iiUerparticIc  ga|>  2^  ■■=  2(h,)  -R),  where  h„  is 
the.  rniiiimtitri  separation  it.  The  dotted  line  is  an  analytic  approximation  for  jiariieles 
with  infinite  dielectric  constanf^’’. 


polariziition-induccd  data  in  lag.  2b.  The  Iluid.s  arc  comprised  of 'ri02.  Sr  riO;^,  and 
Bal’iO.,  particles  (K||  =  70,  270,  and  2001),  respectively)  suspended  at  tj>  =  0.2  in 
dodecane  (K,  =  2).  All  datii  were  collected  with  ac  excittnion  to  reduce  or  eliminate 
conductivity  effects  (See  Refs.  .74  tind  4(>).  lo  llw  authors’  kuowlcdgi',  this  is  the  first 
valid  comparison  of  the  dielectric  mismatch  theory  and  experiment.  Previous 
comparisons  (e.g..  Refs.  12,  .M,  tind  .SI)  hiive  been  made  to  dc  data,  lor  which  a 
conductivity  mismatch  theory^**  is  more  applicable.  Although  the  dielectric  theory 
apjiears  to  overestimate  the  metisured  yield  stres.se.s,  it  accounts  for  both  the  obseived 
oidei  of  magnitude  and  the  trend  with  K.p.  Si'.ice  various  factors  such  as  incom))lete 
chaining  :md  slijtping  at  the  electrodes  weaken  the  ideal  single  chain  values,  it  is  not 
surprising  that  tlte  ex[)erimental  values  fall  below  theoiy. 

The  dielectric  mismatch  theory'  has  essentially  been  verified  for  these  fluids 
tinder  ac  exciiatkm.  Other  factors  that  could  influence  the  measured  shetu  stresses 
include  the  influence  of  (rather  substantial)  particle  roughne.ss,  particle  shtipe  effects, 
polydispersity.  column  formation,  or  other  structural  cumplications.  Tlie  relevtuice 
of  other  colloidal  interactions  in  liR  rheoUigy  is  suggested  by  the  nearly  field- 
inde]icndent  moduli  observed  in  the  linear  viscoelastic  regime  of  the  model  .systems 
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Figure  6:  Yield  sircs.s  vs.  |)artielc  diclceiiic  eiinslaitl.  Tlieoieiical  values  ( 1 1)  are  I'roiu 
Unite-clement  ctileiiliuiiins;  experimental  data  are  rrom  Ref,  41)  (•)  anil  the  present 
wttrk  (•), 


■Studied  here  and  el'tiuite  dirferent  liR  fluids''^.  Other  liR  fluids  triieiiited  undei  de 
eleetrie  I'ields,  paitici.iluiiy  these  develi)])cd  eoiuniercially.  often  |)ossess  larger  shear 
stresses  that  eould  well  involve  dil'ferent  nteelianisnis  than  the  dieleeirie  jrolarization 
ineehiinism  studied  here. 


5.  Summary 

The  dyniimie  viscoelasticity  of  a  model  barium  titantUe  liR  fluid  has  been  ex¬ 
plored.  \  douhle-modulation  ieehniiji.. ,  in  wltieh  the  samples  are.  excited  with 
sinousoidal  eleetrie.  fields  id  a  frct|ueney  higher  than  the  frequency  of  mechanicitl 
strain,  hits  been  used  to  deeonurose  the  shciir  stress  response  into  one  unnponent 
thiit  is  directly  controlleil  by  field-induced  particle  point  izidittn  itnd  another  that  is  not 
modulated  by  the  field.  The  unmodulated  comprrnent.  which  niity  reflect  other 
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colloidal  interactions  such  as  van  der  Waals  attractive  forces,  dominates  tlie  stress 
respotisc  at  vei'y  small  strains.  Tlie  expected  polarization-induced  forces  ctmtrol  the 
shear  stress  iit  higher  strains.  The  elect rixstatic  interactions  are  modeled  by  a  finite- 
elenient  technique  that  has  been  used  to  calculate  the  field-induced  shear  modulus 
and  yield  stre.ss  of  ordered  chains  of  dielectric  particles.  The  FBA  predictions  of  the 
moduli  and  yield  stresses  are  in  good  agreement  with  the  polarization-controlled 
experimental  values  reported  h.ere  as  well  as  with  previous  literature  values  on  similar 
model  systems. 
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ihiiii.ii,li  an  KU  tiiinl  a.s  a  finutinii  of  the  electric  fieUl.  This  re.seinblcs  the  classic 
fi  U.iiH  ball  lechiinpie  fill  liei eriihniiig  (he  viscosity  of  a  .iiinple  Hnid,  but  now  there 
111-  i.il'lii  .mini  lelaiiliiig  forces  mi  the  ball  iu.  it  .stretches  and  breaks  the  ER  cliains 
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fli  .1 1 11'  I  me-  ns  a  fuiictimi  of  electric  held.  The  field  is  iiicrea.sed  ilj)  to  the  jioint 
w!ii.;i.  the  ball  cease-  In  fall,  cm  respoiidilig  to  the  stress  yield  point  of  the  rolninil.s. 
.tildn  1' mill  \analiles  m  these  expel iiiieiits  are  the  particle  .size  nnd  concentration, 
.  1 1  lilt  I  he  I'lfcci  s  Ilf  I  hi -sc  pHiiiiiii  tel  s  on  I  he  stveilgl  h  of  the  ER  structures  eau  he 
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ilSCiTtiUIU’d. 

The  M't  Ilf  lin-asiiri'iiM-nts  is  <«i  thi‘  rate  of  flow  through  lui  ER  valve  The 
nhjeci  here  is  to  ws’  if  tl«’  results  ohtaiiied  in  the  previous  experiments  eiui  In  used 
to  fasluor  a  sueecssful  model  of  ER  valve  flow  which  would,  in  cfFert.  eoniiilete  the 
route  l>e!we<'n  tlie  di[)ole  model  anti  device  applications 

In  idl  of  thes*-  expvrinieiits,  the  ER  fluid  consistetl  of  (hied  silica  gel  particles  ui 
vacuum  pump  oil.  Measureineiils  gave  the  silica  gel  dieh'ctric  constiuit  (iliuiicrsed 
in  oil)  as  3.9  and  that  of  the  oil  alone  as  2.1  US  Standard  sieves  were  used  to  suit 
the  particles  iiecordiug  to  size. 

Detiuled  acemuit.s  of  'he  first  two  ex|>oriin;ut.s,  chain  deforinatini,  and  failing 
liidl.  are  given  cLsewhcre'  "  luid  oidy  highlights  will  l.e  presented  lierr.  The  tiiial 
section  concciniiig  flow  in  ER  valves  has  not  heen  previously  published  and  is  new 
AnalvM'-s  ('f  thes*'  rather  different  experitnt  ntal  situations  show  tluit  with  propm  a]> 
lihealion,  the  mdneed  diptile  model  can  give  a  fairly  accurate  description  of  oli.served 
efi!U'Hcterislir!i, 


2.  Chain  Uefovinatioii 

A  single  chain  of  particles  is  formed  ui  a  sipiure  flow  lube  of  cro-s'  .section  0  x  0 
nmi^.  The  electric  field  E  is  l.G  kV/uuii  and  the  average  flow  velocity  is  4.2  mni/s 
Since  the  Reynolds  number  is  0.1,  laiiiinar  flow  is  assumed.  The  '’liain  is  observed 
and  photographed  through  a  transparent  side  of  the  flow  tube. 


Fig.l.  (a)  Chain  shape,  with  electric  field  along  z  and  fluid  Row  along  u-  (b)  Idealized  chain 
segment  of  identical  spherical  particles 

Introducing  dimensionless  coordinates  A'  =  i/L,  Y  -  y/L,  and  Z  :/L  where 
L  is  one-half  of  a  tube  side,  we  have  the  flow  velocity  iii  the  y  direction  approximated 
as 

p-uo(l-^^)  (2.1) 

where  uc  is  the  flow  velocity  at  the  tube  center.  In  the  steady  slate,  the  chain  shape 
is  determined  by  the  balance  between  external  force  (fluid  d.rag)  and  internal  force 
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(assumed  to  be  dipoJe-dipole  interaction), 

d{/ds  -  F  =  0,  (2.2) 

wlierc  df/ds  and  F  are,  re.spectively,  the  internal  force  and  external  force  per  unit 
chain  length  s.  The  drag  force  is  in  the  y  direction,  given  by 

Fy  =  kvdx/ds,  (2.3) 

where  k  is  the  proportionality  coii.stiml  or  drag  coefficient.  We  approximate  the  vis¬ 
cous  flow  past  the  chain  by  considering  it  us  a  thin  cylinder  and  use  a  result  alri’ady 
derived  for  tliis  case.®  The  internal  chain  force  is  calculated  with  tlw  following  simpli¬ 
fied  assumptions;  each  part'cle  is  asi'igned  jui  average  induced  i>oint-dipole  inomc'ul 
p  aligned  along  the  electric  field,  and  only  nearest- neighbor  inlevaciions  arc  con- 
siiicred.  A  .schematic  illustrating  the  assumed  system  with  coordinates  is  shown  in 
Fig.l.  The  interaction  potential  betwts'ii  adjacent  dipoles  is  then  p^(l  -  3  cos''  S)/r^. 
from  which  the  internal  force  coiniionents  in  thex  lunl  y  directions  can  be  cidi'uhilcd 

/,  ^3p^cosS(Gco.s^ff  -  ai/f" 

(2.4) 

fy  -3;/ sinrt(5cos^(^  -  3)/e^. 

For  the  steady  state,  the  eipdiibriuiii  of  all  forces  provnh-s 

ci/j/d.s  -  0,  dfyldn-^  -kv[0xld^).  (2.5) 

It  follosvs  that  Jr  is  a  coustanl.  Thus,  it  is  clear  that  the  str«-tch  i-  changes  with  0. 
At  the  maximum  luigle  6,  the  chain  has  the  minimal  stretch.  The  experiments  find 
the  maximum  angle  8t  =  +0.35.  If  we  as.suine  that  r  ~  D  at  8,,  then  we  have 

(2.6) 

From  Eqs.(2.3)  and  (2.4),  we  have 

-  -(ceiK-Y  -  A'V3).  (2.7) 

Since  taiiti  =  Y’  —  dVjdX,  v.’c  combine  Eqs.(2.5),  (2.6),  aial  (2.7t  to  obtain  an 
equation 

r'(4  -  (y')V(2  -  3(F')'';  =  (2.8) 

There  are  three  roots  for  V'  from  Eq.{2.8),  but  only  one  of  them  has  the  proiier 
sv'.iunetry  Suhsetiuent  integration  gives  chc  chain  sliajie  y(c)  which  tlepends  on 
only  a  single  parometei  c  ~  kv^L/A. 
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For  c  =  2.0  the  calculated  chain  shape  gives  an  excellent  fit  to  that  observed, 
as  shown  in  Fig.2.  The  discrepancy  at  the  chain  end  is  due  to  the  observed  fact 
that  there  the  chain  hecotnes  seversU  particles  in  thickness  (multiple  chain).  Since 
the  fluid  velocity  approaches  zero  at  the  tube  wall,  there  is  a  natural  aecuinulatiou 
of  particles  at  that  portion  of  the  chain.  For  the  remainder  of  the  chain,  the  match 
of  observed  and  calculated  shaijes  is  actually  a  strong  test  of  the  dipole  model 
because  the  shape  depend.s  ..ritically  oti  the  internal  force  vector.  Unlike  siinpl<' 
tension  as  in  a  rope  or  cable,  the  dipole  force  vector  is  generally  not  tangent  to  the 
ER  chain.  If,  in  fact,  we  a.ssume  a  tension-like  internal  force,  the  i  iilculatcf!  shape 
differs  significantly  from  the  one  observed. 


‘J  ('()iii|airi.s<iii  uf  iiliMTVi'd  (.‘xiIkI  Iiiii'I  and  <  .tlt  ulalrd  (iljslinl  liiii')  I'lnuii  .<<liapi-s  Half  at 
till'  ciiaiii  IS  sliown.  with  an  dertrode  at  .>;=1 

Tlie  value  of  the  parameter  c  that  is  calculated  from  experimental  (|uantities 
of  8.0  lus  compared  to  tlie  value  2.0  giving  the  liest  curve  fit.  It  is  proliahly  not 
unreasonable  t<i  a-serihe  tlie  discrepaiiey  to  the  viuious  .smiplificiitions  of  tlie  mmlel 
(splierical  pfvrticles  of  uniform  size,  only  iK'iU'est-iMUghboi  interact  ions,  et'-.l  For 
I'xumiile,  a  factor  of  two  in  the  calrulutu.n  uf  the  luugnitude  of  the  uveiiige  iiuiured 
dipole  moment  would  eliiniiiiite  the  (piiuititative  dLsereptuiey  of  the  jjuiameiei  c 

3.  Falling  Ball 

A  eliLssie  technique  for  determining  the  viscosity  of  a  sinipie  Hmd  relies  on 
measuring  a  falling  ludl's  terininul  velocity,  attained  when  the  retarding  force  due 
to  viscous  drag  equals  the  buoyiuit  w<'ight  of  the  ball.  In  :ui  ER  tliiul,  there  are 
additional  retarding  forci’s  <lue  to  th.’  bending  and  breukilig  of  the  ER  struct iires 
(particle  chains  and  columns)  iti  the  IjiiJl’s  path.  Thu.s  thi’  experinieni  can  provide 
insights  into  the  strength  luid  dynainirs  of  tho.se  strnctuies. 

The  falling  bidls  here  are  dark  colored  glius.s  sjiliereH  5  miii  in  diaiiietei  Time 
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of-flight  velocities  are  obtained  from  the  interception  of  two  laser  beams  sensed  by 
photo-diodes.  The  silica  gel  particles  for  the  ER  fluid  were  passed  through  set  of 
U.S.  Standard  sieves  to  give  the  following  sec  of  average  particle  diameters;  115. 
138,  165  and  215  /xin.  For  eacli,  the  particles  were  mixed  with  vacuum  pump 
oil  at  the  following  volume  concentrations:  1.5,  3.0  and  6.0%  For  each  size  and 
concentration,  the  electric  field  was  increased  in  a  series  of  steps  to  the  point  where 
the  ball  ceased  to  fall. 


Typii'iil  failing  ball  data  plnucd  in  arcord  wiih  Kq  (3  2)  .iyiiilHila  an-  ;ls  in  Un  tr.xt 

To  match  the  observed  d<'peudence  of  velocity  e  on  the  field  E.  it  is  nece.ssary 
to  invoke  iui  eiiuation  of  the  form 


rn'ij  =  3jrl);/u<’  +  +  DE^ 


(3.1) 


where  rii'y  is  the  ball's  buoyant  weight,  D  is  its  diuiueler.  •;»  is  the  fluid  viscosity  !it 
zero  field,  iuid  A  ami  D  are  some  constants.  The  first  lenn  on  the  right  si<le  of  this 
e<(uation  is  the  viscous  drag  force  on  the  ball  in  the  wel  known  Stokes  form.  The 
next  term  i cineseiit.s  some  force  jiroportional  to  both  tl  velocity  and  the  sipiare  of 
the  field,  while  the  last  term  is  a  retaidmg  force  proporiioual  to  the  field  .stiuarrd. 
After  algebraic  manipulation,  Etj.(3.1)  ciui  be  written  as 


{ 1  -I-  aE^)v/vo  +  liE^  —  1 


(3.2) 


whore  I’d  =  ni*<j/{[iwDria)  is  the  ball's  steady  falling  velocity  at  zero  field,  o  = 
A/{3wDi/uj,  and  /?  =  D/irti'tj).  Introdticing  Ae  =  I'o  —  e,  w<‘  write  Fhi.(3.2)  tis 
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follows 

=  [\  +  aE'^)l(u  +  P).  (3.3) 

Expcriment.aily,  we  measure  the  ball’s  velocity  u  at  a  series  of  values  of  electric  field 
E.  Therefore,  according  to  Eq.(3.3),  a  data  plot  of  E“vq/Av  vs.  shou  .d  give  a 
straight  line  if  the  form  of  Eti.(3.1)  is  correct. 

Fig.3  shows  a  typical  data  plot,  illustrating  the  desired  linearity.  Froin  the 
slope  and  intercept  of  tlie  line,  we  obtain  the  vidues  of  o  and  P  appropriate  to  that 
jiiu  tiele  concentration  ;uid  particle  .size.  We  find  that  o,  hence  A,  th<‘  coefficient  of 
th('  term  I’E*’,  is  ])roportionid  to  Iroth  the  ])arlicle  volume  fraction  c  and  the  particle 
size,  vvliile  P,  hence  U,  the  coefficient  of  the  term  in  E‘  is  indejtendent  of  iiarticle 
•size  luid  varie.s  with  volume  fraction  as  c  —  <o,  with  co  =  0.014.  As  shown  later,  o 
is  associated  witli  trcjisient  effects  on  structures  in  the  ER  fluid.  It  may  be  noti-d 
tliat  tile  value  of  t\E^  exceeds  unity  at  the  higher  fields  use<l.  The  siguificaiice  of 
d  i.s  evich'iit  win'll  the  electric  field  is  ju.st  large  enough  to  stop  th<'  bidl’s  motion 
(u  -  0);  in  tlmt  case,  dK'  ~  1  Thi.s  is  the  yield  jioiiit  of  the  ER  fluid  (proportional 
to  the  yield  stress)  wlii're  the  weight  of  the  ball  is  bulauct'd  by  the  chain  strength 
tinder  the  ball.  The  yield  stress  <l;itii  of  Marsluill  cf  al  also  show  the  st,»n<‘  e  ci,  on 
volume  fraction.'" 

Our  theoretical  luialysis  of  the  above  results  [iroceeds  as  follows  One  of  the 
retarding  forces  on  the  litdl  come;,  from  the  work  re<|uired  to  bn'ak  cliams  in  its 
jiath.  ’A'itliin  each  chuiii,  the  dipole  bond  eiierg\'  pei  piuticle  i-an  be  Written  as 
V  -  I\(PE\  where  A'  is  a  function  of  particle  and  fluid  dielectric  coiistiuits  and  n 
is  the  iiarticle  radiu.s  When  a  hall  encoiinteis  a  chain,  the  chain  i.-,  stretched  until 
essi'iitiidly  all  bonds  hretik  Koi  a  hall  of  diainetei  1)  falling  a  distance  A.s,  the 
nniiiher  of  tionds  broken  is  nf  /tAs,  whe'ie  n  is  the  nuiiihei  of  piulicies  pi'i  unit 
vohinie  contained  m  chajn.s  ami  I.  is  the  chain  length  (intei  ele,  trode  spacing'.  I  hc 
work  An  iei|uiied  IS  lin  n  n/J/./’As.  ;uid  since  ii  is  ii'lati'd  to  ifie  parin'le  volume 
fraction  >•  by  e  |  l/.'i  I  jriin the  chain  breaking  fence  1]  AU'/As  is 


/■',  -  (3/4ir)/, /iA’fi  •■iilA'*’  (3.41 

where  c(i/<'  is  the  partii  le  fiaction  not  conlained  in  chains. 

During  stretching,  the  chains  iiiovi’  ihrongh  a  viscous  iiieiliuin  and  experience 
drag  force  The  inolioii  loiislsts  of  two  regimes:  a  brief  imi  iai  aceidei  at  ion  luid  then 
motion  at  constaiil  velocily  until  chain  break  Foi  tin-  laltei.  the  anal)  sis  alnady 
developed  foi  the  ciLse  of  I'liain  lieforiiial loll  Ululei  stemly  flow  can  be  eniploved, 
i.e.,  the  drag  force'  is  ee|ual  le,  the-  chain  s  iiile-rnal  elipolar  force'  coinpoii''nl  along 
till-  falling  ball's  iliii'i  liein  Then  tlii'  work  ri'i|Uire'il  is  approximate'!)  the'  mii'gral 
of  the'  ellliole  force'  e-oiiipone'iil  eive'i  defol Illations  from  /e'ld  to  that  of  bre-aking.  Ily 
e'oiisieli'ring  the'  iiiimbe'r  of  clnuiis  enconiitered  by  the'  ball  in  elistami'  As  ami  tin' 
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uuniber  of  bonds  in  a  chain  contributing  to  the  dipole  force,  we  obtain  the  retarding 
force  Fj  due  to  chain  drag  as 

=  F,  (3.5) 


where  iv  is  given  by  Eci.(3.4). 

The  initial  acceleration  regime  is  treated  iiy  converting  the-  steady  state  analysis 
of  chain  deformations  to  a  tiiue-de]jcndent  equation  of  motion.  The  .situation  is 
antilogous  to  that  of  a  flexible  rod  in  a  viscous  fluid  undergoing  tui  impact  at  it.s 
center,  wliere  the  initial  deformation  di'iiends  on  the  velocity  of  the  iinpaet  as  well 
as  tlie  stiffness  of  the  rod.  An  exact  solution  of  the  motion  equation  for  iinptvct  by 
a  sphere  is  impractical,  luid  .so  we  mak<-  .some  enitle  approximations,  e.g.,  replacing 
the  s])here  by  a  cube.  Not  only  complete  chains  but  also  segments  as  short  as 
two  to  three  particles  in  length  should  he  counted,  since  they  iil.so  will  be  subject 
to  the  impact-acceleration  jirocess  described,  so  if  wc  assume  that  essentially  all 
particles  arc  either  in  complete  chains  or  .segments,  then  the  result  depmids  on  the 
total  volume  fraction  c,  rather  than  c  -  co  as  in  tlie  earlier  cases.  The  exiiression 
obtained  for  tlie  accelerative  retarding  force  is  then  calculated  iis 

Fa  ={10/h)}jD'^Knn’E^  (3.0) 

where  k  is  a  chain’s  drag  coefficient  jicr  unit  length.  Despite  the  crude  approxima¬ 
tions  employed,  the  cxpre.ssion  should  be  correct  to  an  order  of  magnitude. 

The  total  ER  ret.u'diug  force  F,.  +  Fj  +  contains  terms  in  and  in  t>E^. 
This  is  the  form  a,s.siini<'d  in  E(i.(3.1),  which  has  been  sliown  to  fit  the  data.  The 
analytic  exiiression  for  the  ccxdiicients  o  and  fi  are  contain' d  in  Evjs.  (3.4),  (3.5)  and 
(3.0).  Their  dependence  on  particle  size  and  conci  ntration  is  ii>  agreement  with  the 
exiierimental  results  mentioned  earlier.  For  quantitative  compiuisons  of  a  and  ji 
with  experiment,  we  need  a  value  for  the  constant  in  the  expression  U  --  Kn  ' E' 
fur  the  bond  energy  per  dipole  interaction.  Thus,  K  depeiuls  on  dielectric  con.slants 
iuiil  represents  the  local  field  correction,  Magnified  visual  inspection  of  tlie  chains 
in  these  experiments  shows  them  to  be  a  numiier  of  average  ’particle  diamelers  in 
thickness,  and  tin?  silica  g(;l  particles  are  variegated  in  shape  as  well  as  having  a 
Sjiroad  of  sizes.  Since  tlie  particles  will  tend  to  he  elose-juu  ked,  a  rough  estimate  of 
K  can  b<'  obtained  by  viewing  a  thick  cliain  as  u  continuous  solid,  with  an  energy 
density  of  fpF'/STr  where  tj,  i.s  the  jiarticle  dieh  ctric  eonstaul.  Mult  ])licution  by  the 
equivalent  volume  of  a  pair  of  jmrticles  2(2a)  '  gives  the  lioiid  energy  ('  —  2ff(i''E'/n. 
Using  this  result,  we  find  that  for  a,  the  rai.ii)  of  experiiiK’iital  to  calculated  values 
is  4.5,  and  for  fi  the  corresiiondiiig  ratio  is  2,1.  In  consideration  of  tlie  approximate 
nature  of  the  calculations  and  also  the  faci  tliat  the  effects  of  eliaius  not  directly  in 
the  ball's  jiath  havi-  be  n  igno.ed,  tb"  iiialch  of  calculation  and  experiment  sci'iii.s 
satisfactory. 
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In  suiaiiiaiy,  the  falling  bail  experiments  show  that  the  eleelric  fiekl  iiidnees  two 
ty])es  of  retaixliug  force,  one  varying  as  ami  the  other  as  vE^ .  The  former  is 
related  to  the  shear  stress  and  varies  with  vohtnre  fraetiort  as  c  —  cii,  iiiflepeiuient 
of  jraiticlc  size;  the  latter  is  projrortional  to  both  particle  size  and  total  vohinie 
fraction.  The  forces  in  are  associat<’d  with  chain  stretching  and  breaking  at 
constant  velocity,  while  the  force  varying  as  vE"  comes  from  an  impulse  action  on 
chains.  This  im])lies,  for  example,  that  in  other  situations  such  as  the  flow  of  fluid 
through  an  ER  valve,  there  will  be  no  force  varying  as  vE^  under  steady  flow. 

4.  Flow  in  ER  Valves 

The  precedirrg  sectron.s  have  shown  that  the  induced  dipole  itrodel,  ])roi)erly  aj)- 
plied,  gives  a  fairly  accurate'  account  of  particular  laborator. '-designed  situations. 
As  a  final  test,  we  now  apply  the  model  to  a  device  with  many  important  applii'n- 
tions,  the  ER  valve. 

For  simplicity  the  flow  is  assumed  to  be  steady  state,  e.sscntially  laminar  and 
unidirectional  along  an  axis  !/,  iuul  unbounded  in  a  transverse  dir<‘ctioa  c;  the 
(dectric  field  is  along  a'.  Then  the  Navier-Stokes  equation  takes  the  form 

i;o(d'^’/c/a:^)  +  F’TG  =  0  (4.1) 

where  i/n  is  the  zero  field  viscosity,  11(1)  is  the  flow  velocity.  F  is  <my  intermd  force 
component  along  y  per  \uiit  volume!,  and  G  is  the  pressure  gradient  along  y.  In 
the  present  situation,  F  represents  the  vi.scons  drag  force*  on  chaiim  fen'ine'd  by  the’ 
ficlel.  To  ciilculate  F,  we:  cmpleiy  the  re.sults  oblainexl  in  our  earlier  stuely  of  chain 
defen  Illation. 

The  drag  feircc  per  unit  I'-ngth  dJ,i/(U  is  directenl  along  the  flenv  dire-ctieni  y. 
In  the  steady  state  the'  drag  force-  is  halanceel  by  tlm  chain’s  internal  elipeile  fore'e’. 
If  the  dipole  force  component  in  the  fleiw  elirectieni  is  fy,  then  iier  unit  length  the 
balaneic  is  dfii/da  =  dfy/ds,  or  dfjidx  =  dfyjdx.  If  there  are  N  chains  ]:>er  unit  area 
perpendicnlar  tei  the  lieiw,  then  the’  total  force  inexluced  pe'r  unit  veilume  in  the'  fie>w 
direction  is 

f=-N{dfyldx).  (4.2) 

111  teuiiiH  of  the  .synihols  illnstrateel  in  Fig.  1,  the’  elipole  foiTe-  comiieiuents  are  give-ii 
in  Eei.(2.4)  For  the'  ele'ctric  fielel  elirection  x,  we  put  the-  ede-ctrenies  at  .r  =  ±L.  At 
the  center  (.r  =-  0),  the  sleme'  angle  6  of  the'  chains  is  zero  anel  fy  vaui.she’s.  Then 
from  Eeis.(4.1)  and  (4.2),  iiiteigrations  frenn  ,r  =  0  to  .r  gives 

il(,{dv/dx)  -  N fy  +  Gx  -  0,  (4.3) 

since  dv/dx  =  0  at  x  —  0  by  syiiiinetry.  A  se-eeniel  inte-gratieni  freim  .c  —  (1  lei  x  —  L 


im 


gives,  after  re- arranging  terms 


i;oi’(0) 


(4.4) 


because  v(L)  —  H  at  the  electrode.s  in  Newtonian  flow. 

It  is  clear  from  the  expression  of  Jy  in  £ci.(2.4,  that  a  calculation  of  the  integral 
in  Eci.(4.4)  would  require  a  knov/ledgc  of  the  fui.ctions  r(r)  and  d{x)  ahnig  the 
chains.  Instead,  a  reasonable  estimate  is  obtained  as  follows.  By  the  mean  value 
theorem  of  calculus,  the  integral  tan  be  written  a.s  (/^)  L,  where  (/^)  denote.s  an 
appropriate  average  vidue  within  the  integration  interval.  Since  ^lO)  =  0,  we  take 
(/j,)  to  be  fy{L)/2.  In  the  .section  describing  chain  dcforinn' ion,  it  was  nnt<‘d  that  at 
ev<!n  moderate  flow  rates  the  chains  break  at  their  cuds,  sliding  along  the  electrodes. 
According  to  Eq.(2.4),  this  means  that  the  chain  sloi>e  luigle  i\i  x  —  L  is  given  by 
cos^  =  3/5,  Furthermore,  comi)Uter  siuuilations  of  chain  deforma'iou  show  the 
particle  spacing  to  be  minimal  at  the  chain  ends,  so  that  r{  5)  is  approximately 
eqiuU  to  the  average  particle  diameter  D.  Then  by  Eq.,'2.4),  fy{L)  =  -3.8;//£)‘* 
where  the  minus  sign  comes  from  the  fact  that  d(L)  is  negative.  Siuc<‘  the  dipole 
interaction  energy  is  given  by  U  =  p^(l  -Scos**)/!'*,  it  follows  that  fy(L)  =  ‘i,S,V /D. 
As  described  in  the  preceding  section  on  niiling  balls,  we  cake  V  ^  Ka^E^.  where 
a  is  the  particle  radius,  A'  =  2f,,/)r,  and  f,,  >s  the  particle  <l;e!ectnc  constant.  Then 
/y(L)  =  OAfpD^E^  and  so  th('  value  of  the  integral  in  E(i.(4  4)  is  estiniat<'cl  to  have 
the  value  Q.2epLD^EK 

A  final  point  is  that  N .  the  numljer  of  chains  per  unit  area  perja'iidicidar  to  the 
flow,  can  bo  written  in  terms  of  the  volinue  fraction  c  of  particles  a.s  G(c  -  cd)/t!DK 
where  cy  represents  piu'ticles  not  contained  in  complete  chains.  With  this  and  tlii' 
preceding  expression,  E(i.(4.4)  becomes 


7;ov(U)  =  Gr?j2  -  0.4L(r  -  c..i)(,,£-  (4.5) 

which,  it  should  be  noted,  is  independent  of  particle  size. 

The  next  step  tlepcuds  on  whether  wr.  are  considering  a  valve  operating  at 
constant  pressure  differential  or  constant  How  rate.  The  term  i>(0)  represents  the 
flow  velocity  midway  between  electrodes  and  is  proportional  to  tlie  How  rate  Q.  Foi 
constant  pressure  difierenlial  G,  Eq.(4.5)  gives 


Q/Qu  =  :  -0.8(c-  roUpEyCL 


(4.bf 


where  Qy  is  the  flow  rate  at  zero  fiehl.  For  constant  flow  rate  we  have  the  altt'rnate 
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expression 

G/Co  =  1  +  0.8(c  —  co)^p£^/(?oi  (4.7) 

when;  G  is  the  pressure  differential  at  zero  field. 

The  relations  (13)  and  (14)  axe  in  qurJitative  and  quantitative  agreement  with 
experiments.  For  the  case  of  constant  pressure  differential,  we  studied  the  flow  of 
an  8%  volume  fracti(;n  of  silica  gel  particles  in  vacuum  pump  oil  through  a  simple 
horizontal  ER  valve  of  square  cross  section  6x6  mm^  with  a  length  of  5.5  cm. 
Pressure  at  the  valve  entrance  was  supplied  by  gravity  feed  over  a  constant  height 
of  23.6  cm  (the  specific  gravity  of  the  ER  fluid  is  close  to  uiiity).  The  valve  exit 
was  essentially  at  ambient  air  pressure,  and  flow  rates  were  detennined  from  the 
quantity  of  fluid  collected  over  a  ten  second  time  interval.  As  illustrated  in  Fig. 4. 
the  data  show  the  linearity  predicted  by  Eq.(4.6)  and  the  agreement  between  the 
experimental  and  calculated  values  of  the  slope  is  within  20%. 


Fig.'l  Flow  rate  .is  a  function  of  the  square  of  electric  field  in  a  simple  Fll  valve 

For  the  case  of  constant  flow  rate,  we  userl  published  data  for  a  “conunerciar' 
grade  ER  fluid  flowing  axiidly  in  a  valve  of  cylindrical  geometry."  Since  the  gap 
between  the  cylindrical  electrodes  was  veiy  mucli  smaller  than  the  mean  circum¬ 
ference,  the  metric  in  the  gap  is  quite  close  to  Cartesian  and  Eq.(4.7)  can  be  used 
Again  the  data  show  the  required  lineanty  in  with  a  slope  that  is  within  10%  of 
the  calculated  value. 

5.  Summary 

A  series  of  studies,  ranging  from  the  deformation  of  a  single  chain  under  flow  to 
the  properties  of  an  elcclrorheological  device  employing  a  “commercial’'  ER  fluid. 


I 
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have  shown  that  the  induced  dipole  model  can  give  a  fairly  accurate  description  of 
observed  characteristics  It  is  important  to  point  out  that  in  all  practical  situations 
where  thick  EP.  chains  are  formed  consisting  of  various  particle  sizes  and  shapes, 
each  chain  can  probably  by  approximated  as  a  continuous  solid,  and  in  the*  '  ase 
the  ro-rallcd  problem  of  calculating  the  local  field  is  Iri-.'ially  simple.  Certaiui,  the 
continuous  solid  supposition  appears  to  give  reasonably  correct  numerical  values  in 
the  situations  considered  here.  Tins  and  other  analytic  apjiroachcs  described  in  the 
present  report  will  bo  .subject  to-  continued  test  by  further  studies. 
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INFLUENCE  OF  PARTICLE  SIZE  ON  THE  DYNAMIC 
STRENGTH  OF  ELECTRORHEOLOGICAL  F1.UIDS 
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North  Carolina  State  University 
Raleigh.  NC  27695-7517 


ABSTRACT 


The  electrical  properties,  rheology  and  structure  of  model  ER  fluids  consisting 
of  glass  beads  in  silicone  oil  were  investigated  as  a  function  of  clccaic  field  E 
(0-4  kV/mm),  particle  size  D  (6-l(X)  pm)  and  shear  rate  y  (2- 1000  s"*).  The 
conductivity  of  ^e  suspensions  was  3  orders  of  magnitude  greater  than  that  of 
the  host  oil  at  E  >  1  kV/mm,  their  low-voltage  d.c.  permittivity  was  about  1 .35 
times  larger.  The  flow  stress  of  the  the  suspensions  was  given  by 

t  =  rE  +  Xv*  =  A(Y.  D)E  +  (Ci  hCi/D)y 

where  Tjt  is  the  polarization  component  and  the  viscous  component.  The 
linear  dependence  of  Te  oii  E  was  attributed  to  dipole  saturation.  The  observed 
opposing  effects  of  D  and  y  on  were  concluded  to  result  from  their  respective 
influence  on  the  strength  of  the  columnar  structure  normally  produced  by  the 
electric  field  and  its  fragmen»alioi;  during  shear.  The  constant  Cj  was  in 
agreement  with  the  Einstein  jquation  for  the  effect  of  volume  fraction  of 
particles  on  the  viscosity  of  suspensions.  The  parameter  C2/D  was  concluded 
to  reflect  either  the  effect  of  parl’cle  surface  area  on  viscosity  or  a 
polydispersion  effect.  The  present  results  did  not  correlate  with  the  Mason 
number  as  normally  formulated,  but  did  when  it  was  appropriately  modified. 


1.  Introduction 

It  is  now  generally  accepted  that  the  shear  resistance  of  an  ER-active 
fluid  reflects  the  combined  action  of  polarization  and  viscous  forces,  giving 
for  the  flow  stress 

where  Xp  is  the  rolarizatiqn  contribution,  viscosity  of  the  suspension 

at  zero  electric  field  and  y  the  shear  strain  rate.  Eq.  i  iias  the  form  for 
plastic  flow  of  a  Bingham  material,  which  leads  to  a  description  of  the 
relative  viscosity  Tia/Ti.s  of  ^n  ER-active  fluid  in  terms  of  the  Mason 
number' 
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Mn 


Viscous  force 
Piilarizution  force 


n.Y 

2i„ 


(2) 


T]a  =  t/y  is  the  apparent  viscosity  of  the  ER  fluid  with  application  of  electric 
..  .  .  .  .  .  .  „  ..  .  .  .  ■  ■  ■  "  the 


Formulation  of  the  Ma.soh  number  by  the  extreme  right  side  of  Ecj.  2  is 
based  on  specific  models  regarding  the  polarization  and  viscous  forces, 
which  models  have  not  been  universally  validated. 

It  follows  from  1  that  at  low  shear  rates  the  polarization  force 
dominates,  whereas  at  high  rates  die  viscous  force  becomes  donnJnant.  The 
low  strain  rate  regime  has  been  termed  quasi-static  and  the  high  rate 
regime  dynamic^.  In  general,  the  flow  stress  decreases  with  increase  in  y 
in  the  quasi-static  regime  and  increases  in  the  dynamic  regime;  see  for 
example  Fig.  6  in  Ref  2.  For  hydrated  zeolite  particles  in  mineral  oil  the 
change  from  quasi-static  to  dynamic  behavior  occurred  at  y  =  10  s-' 

An  identifying  characteristic  of  ER  suspensions  under  static 
conditions  is  that  upon  application  of  an  electric  field  the  particl^  align 
into  a  chain-like  or  fibril  structure  along  the  direction  of  the  field^-".  This 
suggests  that  the  magnitude  of  Xn  in  the  quasi-static  regime  represents  the 
force  to  rupture  the  chains  and  that  the  shear  process  consists  of  the 
continued  rupturing  and  reforming  of  the  chains  somewhat  as  shown  in 
Fig.  la.  The  observed  decrease  in  Xp  with  y  in  this  regime  can  then  be 
explained  by  less  time  bein^  available  for  reforming  strong  chains  once 
they  are  broken.  Particle  size  effects  generally  canceFout  in  theoretical 
treatments  of  Xe  in  the  quasi-static  strain  rate  regime^-v-o. 


uP. 


;io,  Eo  tnc  permituvity  ot  tree  space,  n 
St  liquid,  P  =  (Kp-Kf)  /  (Kp+2Kf)  the  d 
z  relative  perrnittivity  of  the  parti 


tieiu, 

host 

the 


K.f  tne  reiauve  permittivity  or 
dielectric  mismatch  parameter, 
particle  and  E  the  electric  fii 


With  increase  in  shear  rate  into  the  dynamic  regime,  the  chain  or 
fibril  structure  becomes  disorganized  and  the  suspension  takes  on  a 
structure  similar  to  that  in  Fig.  lb'*-".  It  now  consists  of  densely-packed, 


Fig.  1 


Schematic  of  the  typical  structure  of  an  ER  fluid  undergoing  shear:  (a)  low 
shear  rate  and  (b)  high  shear  rate. 
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solitl-like  regions  next  to  the  electrodes  separated  by  a  more  dilute,  liqiiid- 
like  region  located  either  in  the  center  of  the  electrode  gap*  or  near  om.' 
electrode”.  The  observed  increase  in  t  with  y  in  the  dynamic  regime 
represents  contributions  from  vi.scous  flow  of  tne  liquid  region  and 
includes  electrostatic  and  mechanical  interactions  between  particu-s  in  this 
region  and  at  the  interface  between  the  liquid  like  and  sulid-like  regions. 
As  in  the  case  of  the  quasi-static  regime,  theoretical  treatment  of  Kk  fluid 
strength  in  the  dynamic  regime  docs  not  in  general  include  a  size  effect''. 

Most  theoretical  considerations  of  the  strength  of  KR  fluids  have 
dealt  with  the  qua.si-static  regime,  considerably  less  attention  having  been 
given  to  the  more  complex  oehavior  in  the  dynamic  regime.  To  better 
understand  the  mechanisms  operative  m  the  dynamic  regime  additional 
electrical,  rheological  and  microstructural  information  pertaining  to  this 
regime  is  needed.  Tne  objective  of  the  pre.scnt  leseaich  was  iherctore  to 
provide  such  information,  giving  attention  to  a  possible  effect  of  particle 
size.  Hence,  electrical,  rheological  and  microstructure  studies  were 
performed  on  model  ER  fluids  consisting  of  several  sizes  of  glass  beads  in 
silicone  oil.  Glass  l^eads  were  cho.sen  ftir  the  particles  because:  (a)  they 
are  spherietd,  (b)  ER  fluids  containing  (hem  can  be  observed  by  optical 
microscopy^'^  and  (c)  some  pertinent  basic  properties  and  informtuinn  on 
their  ER  response  in  silicone  oil  have  been  obtained  in  prior  studies^"  *^ 

2.  Experimental  Procedure 

2. 1  ER  Fluids 

'Hie  host  oil  employed  for  our  model  ER  fluids  was  Dow  Corning 
200  with  specific  gravity  tf.97,  relative  permittivity  2.6  and  viscosity  0.05 
Pa-s  at  25'^C.  The  particles  were  soda-lime  glass  beads  (specific  gravity 
2.5)  provided  by  Potter  Industries  with  the  composition  given  in  Refs.  5 
and  9.  Three  sizes  of  glass  beads  were  employed,  having  the  linear 
intercept  size  distributions  shown  in  Pig,  2.  The  mean  sizes  are  6  pm  (with 
standard  deviation  a  =  2.5  pm),  27  pm  (o  =  7.7  pm)  and  100  pm  (a  =  24 
pm).  The  size  distributions  for  the  27  pm  and  100  pm  beads  are 
approximately  Gaussian;  that  for  the  6  pm  beads  is  more  nearly  log¬ 
normal.  The  volume  fraction  ^  of  glass  bead.s  used  to  prepare  the  EK 
fluids  was  kept  constant  at  0.20  for  all  rheology  measurements.  Because  of 
the  difficulty  in  resolving  the  structure  at  tins  concenpation  of  particles, 
the  ER  fluid' was  diluted  by  a  factor  of  ten  for  the  microscopy  observations 
during  shearing. 

Prior  to  mixing  the  glass  beads  in  the  silicone  oil,  the  beads  were 
dried  for  3  hr  at  200”C  ana  the  silicone  oil  for  2  hr  at  150°C,  Following 
mixing,  the  ER  fluids  were  sealed  tightly  in  a  glass  jar  and  held  there  until 
tested,  which  generally  occurred  within  two  days.  Shear  sPesscs  obtained  2 
days  after  mixing  were  the  same  as  those  within  the  first  hour. 
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2.2  Rheology 

Employing  a  Physica  Couette-type  rheometer,  the  rheological 
measurements  consisted  of  determining  sWar  stress  x  vs  shear  strain  y 
curves  at  a  constant  shear  rate  as  a  function  of  shear  rate  (y  =  2-1000  S“'), 
electric  field  (E  =  0—4  kV/mm)  and  particle  size  (D  =  6-100  pm).  The 
temperature  was  maintained  constant  at  25  ±  0.2°C  by  a  thermal  bath.  The 
diameter  of  the  bob  employed  in  the  rheometer  was  27  inm  and  the 
electrode  gap  1  mm. 

The  procedure  employed  in  the  rheology  tests  consisted  of  the 
following,  the  ER  suspension  is  first  vigorously  slined  prior  to  pouring 
into  the  rheometer  cup.  Once  the  cup  is  fi.Med  to  the  desired  level,  an 
electric  field  of  1-2  kV/mm  is  immediately  applied  to  prevent  settling  of 
the  glass  beads.  The  field  is  then  adjusted  to  the  desired  strength  ano  the 
ER  fluid  is  sheared  at  a  con.stant  shear  rate. 

2.J  iiiectrical  Properties 

The  relative  permittivity  and  conductivity  of  the  ho.st  silicone  oil  and 
of  the  su.spensions  were  determined.  The  permittivity  ''  as  obtained  from 
capacitance  measurements  with  a  CIE  7705  capacitance  meter  in  the 
manner  described  in  Ref  1 1 .  The  meter  employs  a  small  (IV)  d.c.  voltage 
for  the  measurement;  so  particle  chaining  docs  not  occur,  'lire  relative 
permittivity  of  the  su^ension  K„  was  fir.st  deteimined  at  zero  field 
immediately  after  the  ER  fluid  hadoeen  stirred  and  poured  into  the  cup. 
K,,  was  next  determined  by  shearing  the  suspension  with  an  applied  electric 
field  in  the  range  of  1-4  kV/mm  and  then  stopping  the  maenine.  turning 
off  the  field  and  measuring  the  capacitance.  iW  same  proceaitre  was 
employed  to  determine  the  relative  permittivity  ol  die  silicone  oil  Kj-.  The 
conductivities  Of  and  of  the  oil  and  tlic  suspensions  respectively  were 
determined  from  ineasufemcnis  of  the  current  oensity  j  during  shearing  as 
a  function  of  the  electric  field  B  using  die  relation  o  j/K. 

2.4  Structure 

The  structure  of  a  given  Bk  fluid  during  .shearing  was  viewed  and 
recorded  with  a  video  camera  using  the  device  de.scribed  in  Ref  4.  As 
mentioned  above,  for  ihe.se  observations  the  original  ER  fluids  were  diluted 
with  silicone  oil  to  <{)  -  0.02.  Before  the  ER  nuids  were  poured  into  the 
observation  chamber,  an  electric  field  was  first  applied  to  avoid  settling  of 
the  beads.  Shear  rates  larger  than  10  s“*  were  found  to  be  too  fast  to 
re.solve  the  structure.  Moreover,  no  rlear  difference  in  the  structure 
occurred  for  electric  fields  greater  than  !  kVVmm.  Hence,  a  field  strength 
of  1  kV/mm  and  a  shear  rate  of  ~  5  s-'  were  chosen  as  the  experimental 
conditions  for  observing  the  stmeture  during  shearing  at  25°C. 
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3.  Results 

3. 1  EU’ctrical  Properties 

ITie  relative  permittivity  of  the  silicone  oil  Kr  was  determined  to  be 
2.6  independent  ot  electric  Ijeld,  in  accord  with  me  value  given  by  the 
supplier  and  measured  earlier  by  Conrad  et  al’*.  Fig.  3  presents  the 
relative  permittivity  of  the  suspension  vs  prior  electric  field  for  the 

three  particle  .sixes.  It  i.s  seen  that  initially  increases  slightly  with 
clectnc  field  to  -  1  kV/mm  and  then  changes  only  little,  if  at  all,  in  accord 
with  previous  observations^  that  the  static  fibril  structure  remains 
relatively  constant  for  E  >  ~  1  kV/mm  Although  i.s  independent  of 
particle  size  at  zero  ficlo!  it  increases  slightly  with  particle  si/e  with 
application  of  the  field. 


I'ig.  .1  Relative  permittivity  of  ihc  FR  lluid.s  vs  prior  elcclrie  field  li  fur  ihe 

three  particle  si/c.s. 

The  conductivity  of  the  silicone  oil  Of  was  -  10  S  cm-*  for  the 
range  of  electric  fields  employed  here.  Plots  of  the  current  density  j  and  of 
the  conductivity  of  the  .susjjen.sions  as^vs  the  electric  field  are  giyeji  in  Figs. 
4a  and  4b  respectively.  Evideiil  is  uial  j,  and  Uj,  increase  with  electiic 
field,  independent  or  particle  size.  Moreover,  is  about  3  orders  of 
magnitude  larger  than  ap,  indicating  that  the  conductivity  of  the  particles 
Op  is  considerably  greater  than  that  of  the  host  fluid  at  high  electric  fields, 
i.e.  ap»af  at  E  s.  1  kV/rnm. 


4 


0  D= 100un> 
♦  D»27iini 
o  D=6um 


rig.  4  EtTcci  of  cleclric  Hold  on:  (a)  current  density  and  fh)  conductivity  of  iltc 
suspen.sion.s  containing  three  sizes  of  glass  beads  in  .silieonc  oil. 


3.2  Rheology 

Typical  shear  stress  T  vs  shear  strain  y  behavior  as  a  function  of 
shear  rate  y  is  shown  in  the  semilog  plot  of  Fig.  5.  At  each  strain  rate  the 
.■  hetir  stress  increased  rapidly  with  strain  to  y  =  ~  1.0  and  then  remained 
relatively  constant  with  further  increase  in  strain.  This  gave  a  so-called 
steady-state  or  plateau  stress  t,  which  varied  with  shear  rate  y,  electric  field 
F  and  particle  size  D.  The  effects  of  y,  E  and  D  on  t  (taken  as  the  flow 
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Fig,  5  Shear  stn^ss  x  vs  log  shear  su-ain  y  at  E  =  2  kV/mm  lor  various  shear  rates  y  for 
the  ER  fluid  with  27  |im  partielcs. 


stress  at  Y  =  5)  were  considered  in  terms  or  their  effect  on  each  of  the  two 
components  of  the  flow  stress  given  by 


where  Xyis  =  t  at  E  =  0  and  Xg  includes  all  of  the  effects  of  the. electric 
field  on  the  flow  stress.  Eq.  3  is  equivalent  to  Eq.  1  with  Xyis  =  t)s  Y- 

Fig.  6  pre.sents  a  plot  of  Xyis  vs  y  for  the  host  silicone  oil  and  for  the 
ER  fluids  with  differing  particle  size.  In  every  case  Xyis  is  proportional  to 
y,  the  proportionality  constant  (slop^  giving  the  viscosity  of  the  oil  T|f  or 
of  the  suspension  ris.  Support  for  the  validity  of  this  method  for 
determining  the  viscosity  is  the  agreement  in  the  value  for  silicone  oil 
determined  from  the  slope  in  Fig.  6  (0.05  Pa-s)  with  that  provided  by  the 
supplier  and  measured  by  more  conventional  methods. 

To  be  noted  in  Fig.  6  is  that  the  slope  for  the  suspensions  decreases 
with  increase  in  pardcle  size.  This  is  further  revealed  in  Fig.  7,  which 
gives  a  plot  of  tIj^  for  the  suspensions  vs  the  particle  size  D.  Also  shown 
for  comparison  is  Tlf  for  the  host  silicone  oil.  The  curve  through  the 
suspension  data  is  given  by 


ti.  =  Cj  +  C2/D 

where  Ci  =  0.076  Pa-s  and  C2  =  1.5  x  10~7  N-s/m. 


(4) 


llic  effect  of  electric  field  on  the  flow  stress  as  a  function  of  panicle 
size  is  illustrated  in  h'igs,  8  and  9.  Fig.  8  shows  behavior  typical  of  that  at 
7  =  2  to  10  s"',  whereas  Fig.  9  shows  typical  behavior  at  y  >  100  s  ' .  In 
general,  the  flow  stress  increa.sed  in  a  linear  fashion  with  the  electric  field, 
giving 


isAC-i.DlE+x  (5) 

where  A  (y,  D)  =  dxp/dE  decreased  with  .shear  rate,  but  increased  with 
particle  size;  see  Fig.  TO.  To  be  noted  from  Fig.  10  is  that  the  innuence  of 
particle  size  on  dxn/dE  is  relatively  independent  of  shear  rate  in  the  range  y 
=  2  to  200  s“'  ana  then  decreases  as  the  shear  rate  incrca.scs,  with  dTi.VdE 
becoming  independent  of  panicle  size  at  9  =  1000  .s'F  Moreover,  dxii/dli 
approaches  zero  at  y  >  1000  s^',  i.c.  theER  effect  essentially  vani.shes  at 
the  highest  shear  rates. 

Upon  considering  tlie  shear  rate  regime  (y  =  2  to  200  s-1)  where  the 
effect  of  the  electric  fimd  is  essentially  independent  of  shear  rate  (i.c.  dii-;  / 
dE  s  const),  we  find  that  (Fig.  11) 

dt,,/dE  =  (6) 

where  A'  is  a  constant  independent  of  y  and  D.  Integration  of  Eq.  6  gives 
for  the  lower  shear  rate  regime 
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Fig.  8  Flow  stress  vs  dccuic  field  at  y  =  2  s-'  for  the  three  panicle  sizes. 
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Xjj  =  A'D  E 


For  y  >  200  s"!,  tlie  effect  of  particle  size  on  the  polarization  component  Tg 
is  less  than  that  given  by  Eq,  7,  becoming  essentially  nil  at  1000  s-l  as 
approaches  zero. 
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Row  stress  vs  electric  field  for  the  three  particle  sizes  at  the  shear  rates;  (a)  y  = 
5(.)0s-’  and  (b)Y=  1000  s->. 
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Fig.  1 1  IvOg-log  plot  of  dXfi/dn  vs  particle  size  D  for  the  shear  rate  regime  2  to  200 
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3.3  Structure 

Photos  taken  from  the  video  screen  of  the  taped  ER  fluids 
undergoing  shear  are  presented  in  Figs.  12a  and  13a.  These  are  not 
sufficiently  clear  to  reveal  the  detailed  structure,  which  by  careful 
examination  of  many  frames  of  the  video  tape  was  ascertained  to  be  tliat 
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shown  schematically  in  Figs.  12b  and  13b.  The  stiucture  for  the  ER  Huid 
with  6  ttm  dia.  glass  beads  (Fig.  12)  consisted  of  closely-packed,  .solid-like 
regions  in  contact  v/ith  the  electrodes  .separated  by  a  dilute  region  in  the 
center  of  the  gap,  where  most  of  the  shearing  occurred.  In  the  case  of  the 
100  pm  glass  Deads  (Fig.  13),  columns  of  beads  protruded  from  tiie  close- 
packed  region  into  tne  central  region.  These  columns  were  continually 
fragmented  and  reformed  during  shearing,  with  segments  being  carried 
away  in  the  stream.  The  structure  for  the  27  pm  beads  was  intermediate 
between  that  for  the  6  pm  and  100  pm  particles,  with  less-developed 
protrusions  compared  to  the  100  pm  particles. 


Fig.  12  .Structure  observed  during  shearing  of  the  model  ER  Huid  with  6  pm  glass 
beads  and  E  =  I  kV/mm;  (a)  photo  from  video  tape  and  (b)  sehematie  of  the 
structure. 
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Fig.  13  Siiuciurc  observed  during  .shearing  of  ihe  model  ER  lluid  with  1(X)  |im  glass 
beads  and  E  1  kV/mm:  (a)  photo  from  video  tape  and  (.b)  schematic  of  the 
■  truciure. 


4.  Discussion 

4. 1  Electrical  Properties 

For  the  case  where  the  conductivity  'sf  the  particle  is  considerably 
greater  than  that  of  the  host  oil  (as  is  the  cast  for  the  present  ER  fluids  at  E 
>  J  kV/mm),  the  Maxwell-Wagner  equation  for  the  pennittivitv  of  a  two- 
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phase,  random  mixture  in  terms  of  the  dielectric  constants  and 
conductivities  of  the  constituents  reduces  to*^ 

K 

f 

where  K/  is  the  low  frequency  (static)  permittivity  of  the  mixture,  (b  the 
volume  fraction  of  the  particles  and  Kf'  the  real  component  of  the 
dielectric  constant  of  tlie  host  phase.  The  permittivities  of  suspensions  of 
zeohte  p^cles  in  various  oils  and  of  com  starch  particles  in  corn  oil  were 
r  good  accord  with  8^^.  The  present  measurements  give 

K-sa  c;  /  Kf“  C-  =  1.35  for  the  ER  fluids  with  randomly  arranged  partidics, 
and  sin^<|i  =  0.2  we  obtain  n+24i)  /  (1— <^)  =  1.75  for  the  concentration 
tactor.  ihe  lack  of  agreement  between  these  two  quantities  could  be  due  to 
one  or  both  of  the  following;  (a)  is  not  exactly  equal  to  K/,  and  (b) 
Op  is  not  considerably  larger  than  Of  at  the  low  electric  fields  (~  1  V/mm) 
employed  to  measure  the  permittivity  Ks^.c..  xhe  latter  seems  the  more 
likely  explanation,  since  good  agreement  with  Eq.  8  was  obtained  tor 
suspensions  of  zeolite  and  corn  starch  particles  in  various  oils  with  On  » 
Of  and  taking  Ks<l  c.  =  P 

.  Important  in  theoretical  considerations  of  the  strength  of  ER  fluids 
with  conducting  particles  is  the  permittivity  mismatch  parameter 

p=(k;-k;)/(k;+2k;)  o) 

where  K*  is  tfie  complex  permittivity  given  by 

K*  =  K  -  iK  =  k'  -  io/coEo  (10) 

K'  is  the  real  part  of  the  permittivity,  K"  the  imaginary  part,  o  the 
conductivity,  O)  the  frequency  of  the  electric  field  and  the  dielectric 
constant  of  free  space.  For  Op  »  Of,  liq,  9  becomes 

(3  =  (Op  -  op  /  (Op  +  20J.)  =  1  (11) 

For  the  present  ER  fluids  we  expect  that  »  Or  at  E  >  ~  1  kV/mrn  and 
therefore  that  P  =  1 .  l’  ‘  - 

d.2  Rheology  and  Structure 

In  keeping  with  general  behavior  of  ER  fluids,  the  flow  stress  t  of 
the  present  glass  beads/silicone  oil  suspensions  can  be  considered  to  consist 
of  the  sum  of  two  component;  namely  a  polarization  component  tp  and  a 
viscous  component  Xvis-  The  effects  of  electric  field  E,  snear  rate  y  and 
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panicle  size  D  on  these  components  gives  the  following  expression  for  the 
flow  stress 

t:  =  A(y,D)E  +  (Cj  +  C2/D)y  (12) 

where  the  first  term  on  the  RHS  of  Eq.  12  is  T£  and  the  second  Xvjs- 
viscous  component  exhibited  Newtonian  viscosity  with  the  viscosity 
coefficient  t|s  =  (Ci  +  C2  /  D)  increasing  with  decrease  in  particle  size. 
The  polarization  component  Tp  is  proportional  to  E,  but  in  contrast  to  Xyis 
decreased  with  increase  in  shear  rate  and  with  decrease  in  particle  size. 
Tliese  opposing  effects  of  y  and  D  on  the  two  flovy  stress  components  can 
lead  to  the  complex  behavior  shown  in  Fig.  9,  where  at  low  fields  the  flow 
stress  increases  with  reduction  in  particle  size,  whereas  at  high  fields  it 
either  decreases  or  is  relatively  independent  of  particle  size.  Moreover, 
because  of  the  decrease  in  Xp  with  increased  Y,  the  flow  stress  at  high  shear 
rates  may  be  only  little  affected  by  E,  as  in  Fig.  9b. 

Let  us  now  consider  the  effect  of  particle  size  on  Xyis-  We  note  that 
the  expression  for  the  effect  of  D  on  Ps  contains  two  parts,  Ci  which  is 
independent  of  D,  and  (Co  /  D)  which  various  inversely  with  D.  We  will 
assume  that  Ci  represents  the  component  of  the  viscosity  which  is  given 
by  the  Einstein  equation  for  the  effect  of  concentration  on  the  viscosity  of 
suspensions 


1  +  2.5  <t) 


(13) 


We  then  obtain  for  the  present  fluids  Ci/pf  =  1.52  and  (1  +  2.5  (ji)  =  1.50. 
This  agreement  suggests  that  Ci  represents  the  contribution  o'  the 
concentration  of  the  second  phase  to  the  viscosity. 

The  additional  contribution  to  the  viscosity  of  the  suspensions  g.  ven 
by  (C2/D)  is  in  accord  with  an  enhanced  re.sistance  to  flow  due  to  an 
increase  in  the  total  surface  area  Ag  of  the  particles  in  the  suspension, 
which  is  given  oy 


A.  =  64>/D 


(14) 


If  we  assume  that 


C,/D  =  a  A,  =  a  6(t)/D  (15) 

where  a  is  a  proportionality  constant,  we  obtain  a  =  1.25  x  10"7  N-s/m 
and  C2  =  7.5  x  ICF-'  <t)  N-s/m  for  the  present  suspensions.  The  significance 
of  these  values  needs  further  study.  An  alternate  explanation  for  the  effect 
of  paiticle  size  may  be  that  the  size  distribution  of  the  particles  is 
sufficiently  wide  to  lead  to  a  polydispersion  effect*^. 
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We  window  consider  the  effects  E,  D  and  y  on  Te-  Theoretical 
considerations^’""®  indicate  that  Te  should  be  proportional  to  and 
independent  of  D.  The  E^  behavior  results  from  the  fact  that  the  dipole 
moment  p  induced  on  the  particles  is  proportional  to  E  and  that  the  force 
between  the  particles  is  given  by  the  Product  pE.  A  proportionality 
between  the  force  and  E  rather  than  would  be  obtained  if  p  were  a 
constant,  i.e.  if  saturation  of  the  dipole  moment  on  die  particles  occurred  at 
small  vdl'ies  of  E.  That  saturation  probably  does  occur  for  the  present, 
dehydrated  glass  beads  is  indicated  by  the  results  .shown  in  Fig.  14,  which 


I'ig.  14  Induced  dipole  moment  v.s  electric  field  for  156  pm  glas.*;  beads  exposed  to  air 
environments  with  60%  and  80%  relative  humidity.  From  Conrad  and  Chen 
112J. 

gives  a  plot  of  tlie  dmolc  moment  on  156  mm^lass  beads  after  exposure  to 
environments  of  6(j%  and  80%  humidity'^  The  dipole  moment  was 
determined  from  the  interaction  force  between  the  gla.ss  beads  in  silicone 
oil  using  the  apparatus  described  in  Ref.  9.  It  is  seen  from  Fig.  14  that  at  a 
relative  humidity  RH  of  60%  saturation  of  the  dipole  moment  already 
occurs  at  low  fields.  Since  the  present  beads  were  dehydrated  by  heating  at 
200°C  prior  to  mixing  with  the  silicone  oil,  it  is  expected  that  tlieir  water 
content  will  be  less  than  that  for  beads  exposed  to  60%  RH  and  in  turn 
dipole  saturation  would  occur  at  low  fields.  This  would  give  te 
proportional  to  E  and  not  £2. 

Some  insight  into  the  effects  of  D  and  y  on  Te  can  be  obtained  from 
the  observations  on  the  structure  of  the  suspensions  during  shearing  shown 
in  Figs.  12  and  13.  Theoretical  considerations  indicate  that  for  a  fixed 
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distance  of  separation  the  force  of  interaction  between  particles  is 
projjortional  to  D^.  Hence,  the  resistance  of  a  chain  or  column  of  parficles 
to  iragmentation  during  shearing  should  increase  with  particle  size,  as  was 
observed.  In  turn  this  would  lead  to  the  observed  higher  resistance  to 
shear,  i.e.  to  an  increase  in  xp  On  the  basis  of  this  model,  the 
proportionality  between  Xr  and  at  y  ^  200  s-I  may  be  attributed  to  the 
degree  of  resistance  of  the  colu.nns  to  fragmentation  with  increase  in 
particle  size  due  to  the  increased  force  of  interaction  between  the  beads. 
However,  this  increased  resistance  will  diminish  with  increased  shear  rate, 
as  even  the  stronger  columns  become  fragmented  at  the  higher  shear  rates. 

Finally,  as  a  result  of  the  observed  anomalous  effects  of  E  and  D  on 
the  flow  stress,  the  present  data  do  not  correlate  with  the  Mason  number  as 
formulated  in  Eq.  2;  see  Fig.  15a.  However,  as  seen  in  Fig.  15b  good 
co^elation  is  obtained  by  plotting  ila/Tis  vs  the  experimental  values  for  the 
ratio  Tyis/Xg  (=  Mn').  This  agreement  of  course  simply  reflecis  that  the 
flow  stress  is  given  hy  Eq.  3.  If  we  fiist  divide  Eq.  3  by  y  and  then  by  rj;; 
we  obtain 


(x/y)/Ti3  =  (Tg/7T|,)  +  l  (16) 

or 

il„/n.  =  (Xg/Xvj  +  l  (16a) 


Hence,  a  log-log  plot  of  riji/xis  vs  'tyis/'fE  should  have  a  slope  of  -1  at  the 
lower  shear  rates  and  approach  a  value  of  unity  at  the  high  rates. 


5.  Summary 

1.  The  electrical  properties,  rheology  and  structure  of  model  ER  fluids 
consisting  of  glass  beads  in  silicone  oil  were  investigated  at  25°C  as  a 
function  of  electric  field  E  (0-4  kV/mm),  particle  size  D  (6-100 
mrn}  and  shear  rate  y  (2-1 OOO  s-1)  in  Couelte  flow. 

2.  At  E  ;>  1  kV/mm  die  conductivity  of  the  suspensions  (Jg  was  3  orders 

of  magnitude  greater  than  that  of  the  host  silicone  oil.  The 
low-voltage,  d.c.  permittivity  of  the  suspensions  was  about 

1.35  times  that  of  the  host  oil.  Og  and  Ks^-c.  were  relatively 
independent  of  particle  size,  with  for  a  chain  structure  being  ~ 
1 4%  higher  than  for  the  random  mixture. 

3.  The  flow  stress  of  the  suspensions  was  given  by 


x  =  x,.  +  T  =A(Y,D)E  +  (C,+n  /D)y 

ii  Vie  12 


where  Xr  is  the  polarization  component  and  x^j^  the  viscous 
component.  The  parameter  A  decreased  with  shear  rate  y,  but 
increased  with  particle  size  D.  For  y  <  200  s-*,  A  was  proportional 
to  D1/2. 


Correlation  of  present  results:  (a)  according  to  Mason  number  as  formulated  by 
Eq.  2  in  text  and  (b)  according  to  experimental  values  of  the  ratio 
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4.  The  dependence  of  Te  on  E  rather  than  £2  is  attributed  to  a 
Saturation  of  the  dipole  moment  on  the  glass  beads.  The  effects  of  D 
and  7  on  Tr  are  attributed  to  their  influence  on  the  strength  and 
degree  of  Tragmentation  of  the  columnar  arrangement  of  the 
p^cles  norm^ly  produced  by  the  electric  field. 

5.  The  constant  Ci  in  the  equation  for  Tyis  is  in  accord  with  the 
Einstein  equation  for  the  effect  of  volume  fraction  of  paiticles  on  the 
viscosity  of  suspensions.  The  parameter  C2/D  is  in  accord  with  an 
effect  of  surface  area  of  the  particles  on  the  viscosity  or  may  reflect 
a  polydispersion  effect. 

6.  The  present  results  did  not  correlate  with  the  Mason  number  as 
normally  formulated,  but  did  when  it  was  appropriately  modified. 
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Static  Rheological  Properties  of  Electrorheological  Fluids 
G.  L.  Gulley  uud  R,  Too 

Depiu  tnieiit  of  Physics,  Southern  Illinois  University,  CarhoncUvle,  IL  02901 

ABSTRACT 

Wc  have  calculated  the  Hlatic  shear  airesH  of  an  induced  electrorheological  ( ICIi) 
(K)li(l  for  a  aiiiglc-chain  structure,  douhlc-chain  fltrucliirc,  Iriple-rhaiii  structure,  and 
hody^cenierod  tetragonal  (het)  lattice.  When  the  shear  strain  is  small,  all  of  these 
four  structures  prefer  slanted  configurations  which  will  come  back  to  the  original 
configurations  if  the  load  is  removed.  A.>  (he  shear  strain  exceeds  a  yield  point, 
the  structures  break  into  parts  wliirh  cannot  return  to  the  original  configiiralinns 
in  a  short  time,  'rhe  bet  lattice  is  found  to  have  the  stronge.st  shear  modulus,  'i  he 
triple-cliaiu  structure  is  weaker  tliaii  IIk-  hci  lattice,  but  much  stronger  than  the 
single-chain  structure  and  duuble-cliaiii  Mtruciure.  The  single-chain  .structure  has 
the  iViorls- Landau  in.stabllity  if  tiie  chain  is  very  long.  A  double  chain  i.s  stronger 
Ulun  a  single  chain  if  tlie  chains  are  <(uite  long  ami  the  situation  is  reversed  if  the 
chains  are  sliurl. 


1  Introduction 

All  clccti'orlii'ological  fluid  coniiiHt.s  of  a  suspension  of  diclcclnc  parlicliw  in  a 
liquid  of  low  dieUxtric  coiistiuit  Wlicii  this  susiiousiou  is  exposed  to  uu  (doetiie 
field,  its  viscosity  iucreusos  dianiutica.lly.  As  the  elixtric  field  exceeds  a  critical 
value,  tlic  susiieusioii  forms  a  solid  whose  slieiu'  modulus  increases  ns  tlu'  Held  is 
furtlier  streiiglheued.  Tllis  phitse  transition  is  completed  in  alioul  one  luillisecond 
and  is  reversible  by  reducing  the  electrical  field  below  the  critical  held. 

Tlie  uudcrstaudiu'i;  of  the  jdiysical  mechauisais  of  this  plK-uomeiui  is  very  iiuiior- 
taut,  since  a  wide  variety  of  applications  have  been  suggested  for  Ell  fluids.  Some  of 
these  aiiiilicatioiis  include  suspension  systems,  valves,  brakes,  uud  clutch<!s'.  These 
alone  will  have  a  tremendous  impact  in  tlic  automobile  and  uerospuce  industries. 

In  this  pajjer,  we  will  discuss  the  .static  shear  .stress  of  tlie  induced  ER  solid, 
Tlu'  iiiii)ortance  of  shear  stress  is  cleat  from  tlie  above  ap[>licatioiis.  In  experiments, 
it  has  been  found  that  u])on  application  of  an  electric  field,  the  dielectric  piu  tides  in 
ER  fluids  first  form  chains  between  two  electrodes.  Chains  then  aggregate  to  forni 
tliick  columns'.  Recent  tlieorctical  calculations  and  experiments  liiive  also  shown 
that  the  ideal  structure  of  tlie  thick  columns  is  a  body-ccnlcred  tetragonal  (bcl) 
lattice^-'’.  Since  the  static  sliear  stress  dejjeuds  on  the  structure  of  tlie  induced 
ER  .solid,  we  will  calculate  the  shear  stres.s  for  single  chains,  double  chains,  triple 
chains,  am!  thick  cohiniiis  of  the  bet  lattice. 

Among  the  above  four  structures,  which  one  is  the  slrougesl?  Tliis  is  an  impor¬ 
tant  issue  to  clarify.  Some  previous  work  claims  that  tlie  double  chains  are  weaker 
than  tlie  single  chains  and  the  structure  consisting  of  single  chains  umxiiiiizes  the 
shear  stress".  Tliis  conclusion  seems  to  contradict  expcriiaeiilal  results*  ’"  and  the 
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well-known  Peicrls-Landau  inslubility  of  a  one-dimensional  solid  tvhieli  iini)lies  a 
long  single-chain  is  a  weak  structure^'**. 

To  I'esolve  the  above  controversy,  \\c  have  carried  out  the  calculations  which 
eventually  show  that  the  thick-column  structure  is  much  stronger  than  tht?  single- 
chain  structure.  The  triple-chain  structure  is  stronger  than  the  single-chain  and 
double-chain  struct\ue.s  and  the  l>ct  lattice  is  even  stronger  than  the  triple-chain 
structure  The  coni)>arisou  helwcen  a  single  chain  and  a  double  chain  depends  on 
the  chain  length  L.  If  the  chains  are  long,  the  double  chain  is  stronger  than  the 
single  chain.  Otherwise,  the  situation  is  reversed.  These  theoretical  results  are 
consistent  with  recent  experimental  meivsurenicnt''*-'®. 

Onr  calculation  also  finds  that  when  llic  shear  strain  is  small,  all  of  tiiesi'  four 
structures  prefer  slanted  configurations  which  will  come  back  to  the  original  ctui- 
figurations  if  the  load  is  removed.  As  the  shcai-  strain  exceeds  a  yi<dd  point,  the 
structures  break  into  jiarts  which  caiuiol  return  to  the  original  configurations  in  a 
short  time.  We  liave  fjund  that  tlic  single-chain  structure  hies  its  shear  modulus 
tending  to  zero  as  the  chain  length  L  goes  infinite,  a  conclusion  cousi.stent  with 
the  Peierls-Laudau  instability.  The  other  thicker  structures  seem  to  be  stable  siuee 
their  shear  moduli  do  not  extrapolate  to  zero  lus  L  goes  infinite.  The  yield  point 
and  structure-breaking  in  the  deformation  of  an  ER  .solid  have  been  ob.served  in 
experiments'-''''’.  Tin-  rosjionsi'  force  and  yield  point  derived  from  our  enlculalioii 
seem  to  agree  with  these  (experiments  reasonably  well. 

The  present  jiaper  is  organized  as  follows.  In  scection  2,  we  will  discuss  the 
dipolar  interaction.  Section  3  is  devoted  to  the  calculation  of  sluear  stn'ss  and  sbem- 
modulus.  The  results  and  discussions  are  in  .section  4  wlier<'  we  will  also  compare 
our  theoretical  results  with  expcrinieuts, 

2  Dipolar  Iiilcruction 

We  consider  r.  model  of  Eh  fluids  consisting  of  spherical  particles  of  dif-ks  tric 
(•oust ant  f;i  susiiended  in  a  fluid  of  dieleeuie  conslanl  c/,  f,,  >  ff.  This  eoiiiposili'  is 
subj(’ctcd  to  ail  electrir  field  inside  a  inuallel  plate  capacitor  who.se  two  electrodes 
are  planes  at  ;  =  0  :uul  :  —  L  resiiectively.  When  the  liuid  is  exposed  to  lui  elect  rie 
Held,  the  particles  develop  ii  dipole  moment  /»  in  the  direction  of  the  electric  field. 
Here  p  —  (ify«''£io,  where  ii  is  the  radius  of  the  iiartielcs,  o  =  (f,,  —  f/l/ff,,  -f  -f/). 
and  Blue  is  the  local  electric  field. 

To  calculate  the  energy  of  this  system  of  particles,  we  consider  the  dipole-dipole 
interactions.  Two  dipoles  at  7^,  and  have  an  energy  of 

’'(rij)  =  t'(l  -  3 cos'*  ^*0 )/'•;*,  (2.1) 

where  f,j  =  I?"  -  =  [p“  -b  (r,  -  />  =  p,j  =  [(a'l  -  ■‘jf  +  (y,  -  .'/j)'*!'''', 
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6,j  is  the  angle  between  tlteir  joint  line  and  the  direction  of  the  applied  field,  and 

A  dipole  at  (x,y,z)  in  a  capacitor  produces  images  at  (x,y,-z)  and  {x,y,2Lj  ±  z) 
for  j  —  ±1,  ±2  •  •  ■.  The  interaction  between  a  dipole  and  its  own  image  is  u(r',j)/2. 
The  interaction  between  a  dipole  and  a  different  dipole’s  images  is  u{r,j).  All  of 
these  interactions  must  be  suiiimed  to  get  the  total  energy  of  the  interaction. 

We  introduce  a  function, 

/(/'.  -  z?  +  (2.2) 

Ti 

Because  of  the  periodicity,  f(p,z)  =  f{p  z  +  2L),  we  can  expand  /  intf)  the  form 

2i 

h{p)  =  J  dxe'"‘^^J\p,z)/{2L)  =  ztsKi(snp/L)/{L‘p)  (2.3) 

0 

where  K{{p)  is  a  modified  Bessel  function.  Eq.(2.2)  now  reads  a.s 

oo 

f{p,z]  =  \l{Lp^)  ■^'^2-zaI\\{sT!pl  L)<M&(a'nzj  L)I(L^  p).  (2.4) 

t=i 

A  di))olc  at  f'j  and  all  its  images  interact  with  a  dipole  at  r,  via 

u,j  =  -1/(2  4-  pdlOp)\f(p,z,  -  rj)  +  /(p,J,  +  r;)j.  [2.h) 

The  formula  d(xKi{x))ldx  —  — xA"o(.'r)  enables  us  to  writ/'  U|j  in  E(i(2.5)  as 
00 

j L^)Ki^[s-k ptj I L)  cos{35rr,/L)ct)s(s7rrj/L).  (2.G) 

The  interaction  between  a  dipole  Inside  the  capacitor  at  {x,y,z)  with  its  infinite 
number  of  images  at  {_x,y,2Lj  ±  z)  {j  =  ±1,  ±2,  ■  •  •),  is  given  by 

u,(^)  =  -K(3)/(4L*)  -  i//(0,2r)  (2.7) 


where  the  constant  C(3)  =  —  1-2020569  •  •  -. 
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Applying  Eqs.(2.G)  and  (2.7),  we  have  the  total  dipolar  energies  for  a  sinu-tnre. 

j  >9^; 


3  Shear  Stress  and  Shear  Modulus 

To  apply  a  shear  strain  to  the  ER  system,  we  move  the  electrode  at  z  ~  L  :i.long 
the  X  direction  by  a  distance  6,  while  fixing  the  electrode  at  c  =  0,  Tin*  shear  strain 
is  then  f>/L.  We  assume  that  there  is  no  slipping  between  tlur  electrodes  and  lIic 
induced  ER  structure,  The  slippiurf  case  has  been  studied  in  Reference  4. 

For  a  single  chain  und„i  .i  slieai  strain  we  consider  three  configurations  as  il¬ 
lustrated  in  Fig. 1(a),  F'g. '(nj  and  Fig. 1(c).  The  slanted  chain  has  each  particle 
in  the  colunm  moved  along  the  x  direction  proportionally.  The  hrokcu  chiiin  lias 
the  chain  broken  into  two  parts  in  the  middle  with  endi  part  in  the  field  direetioii 
separated  hy  <at.  amount  6.  The  slanted-broken  chain  is  broken  in  the  middle  but 
each  part  is  mil  slanted.  The  .separation  of  its  two  resulting  parts,  6o.  is  le.ss  than 
the  deformation  i  (Fig. 1(c)).  As  we  increase  ^ui  tin-’  sluutod- broken  chain  changes 
from  the  slanted  chain  to  the  broken  chain. 


Ftg.l.  (ii)  SUuucd  single  clisim.  (b)  Urokcn  single  chain,  (c)  Sluntcd- biukcii  single  cliuni 

When  the  jiarticle  positions  in  Eq.(2.8)  are  for  the  slanted  chain,  shuiled  bioken 
chain,  and  broken  chai'i,  we  obtain  f/j(<i),  (7,6(6),  luid  Ui,(6)  respectively.  As  shown 
in  Fig. 2,  U,{S)  <  Ut,[S)  until  6  reaches  a  critical  value  6c  where  the  curves  for  U,  and 
for  Ut  intersect.  The  slanted-broken  chain  has  lui  energy  iiitcriroiating  between  the 
slanted  chain  and  the  broken  chain.  This  implies  that  the  slanted  cliain  is  preferred 
when  the  shear  strain  is  less  than  5c/ L.  However,  when  the  shear  strain  exceeds 
6c/ L.  the  broken  chain  has  the  lowest  energy  and  the  slanted-broken  chain  ha.s  its 
energy  liighcr  than  that  of  the  broken  chain  and  lower  thiui  that  of  the  slantf-d  eliain. 
Therefore,  the  competition  is  really  between  the  slanted  chain  and  the  broken  chain. 
When  the  shear  strain  is  greater  tliaii  6c/ L,  the  chain  suddenly  breaks  into  two  piu  t.s 
and  tile  energy  is  given  by  (76thereaftei'.  There  is  no  iutemrediati-  state.  For  tliis 
reason,  17,6  is  not  plotted  in  Fig. 2. 
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When  b  <  6c,  the  response  force  per  chain  is  given  by 

T  =  ~dU,(b)IOb.  (3. Ill) 

When  6  >  6,  ,  the  response  force  per  chain  is  given  liy 

T  ^  -0Ui{&)fd6.  (3.16) 


Fig. 3  .sliows  the  heliavior  of  llie  response  force  of  a  single  chain  c.-su.s  the  shem 
.strain  6/L.  When  6  <  6c,  the  slanted  chain  gives  a  response  force  r,  alinosl  linc.u 
with  6/L.  When  6  >  6c,  the  preferred  broken  chain  produces  a  much  smalh  i  and 
ahno.st  liat  response  force.  The  unit  of  r  in  our  calculation  is  where 

d  —  2a,  the  particle  diameter. 


rig.i.  The  dipolar  energies  of  the  slanted 
single  chain  .and  the  broken  single  chain  vs 
the  shear  strain  respectively.  The  single  chain 
has  tit)  particles.  The  energy  unit  ispV('yi6‘). 


Kig.d.  Tile  respoii.se  force  of  a  single 
chain  of  CO  particlc.s.  vs.  the  shear  strain. 
The  force  unit  is  v^Ki/d*). 


A  single  chain  ha.s  N  =  Lfd  iiarticles.  At  a  volume  fraction  i/i.  for  the  .structure 
consisting  of  single  chains,  the  number  of  chains  per  tinit  cross-are‘a  is  Gi6/(r.'d‘). 
The  shear  modulus  of  the  single-chain  structure  at  volume  fraction  is  GdS/{n(l^) 


where  S  is  the  re.spoiist'  cootficii.nl,  given  by 

S  =  rL/6. 
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(3.2) 

In  Fig. 4  we  plot  S  versus  shear  strain  b/L  up  to  6c/L.  When  6  >  b^,  it  is  elear  from 
Fig. 3  that  tlie  broken  chain  has  a  much  smaller  S. 


ouoo  oitt  QuM  cyo8  one  aio 

5/L 


I'  ig  '1  Tlif  respons<‘  coon’icicnt  S  of  i\  single  cliuin  of  CO  particles  v«  the  shear  strain  up  to  the 


yiolii  point.  The  unit  of  .V  is  p^/(</</^). 


5 


rig..')  (.1)  .Slanted  iloiihlo  cliain.  (b)  Broken  double  chain,  (c)  Slanted-  broken  double  chain 


I'ig.l).  (a)  Triple-chain  structure,  (h)  Slanted  Triple  chain,  (c)  Broken  double  chain. 
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The  (juantity  is  ''f  S])eciul  interest.  When  the  shear  strain  is  .small,  the 
slanted  clntin  represents  a  state  which  has  a  uniform  deformation.  The  response 
forc'’  is  apjjroximatcly  ])roportioiial  to  the  shear  strain  (Fig.3)  and  tlie  respou.se 
coefficient  is  almost  a  constaiit  (Fig. 4).  The  single  chain  will  recover  its  original 
shape  as  soon  as  the  shear  stress  is  removed.  When  6  becomes  greater  than  6^,  the 
chain  suddenly  breaks.  The  broken  chain  is  the  state  in  which  there  is  structural 
damage.  We  expect  that  as  6  >  AC  the  chain  cannot  recover  its  initial  single  chain 
configuration  in  a  short  time.  Therefore,  Ar/f-  is  a  yield  point.  The  critical  i  e.si)i)use 
coefficient  of  a  single  chain  at  A^/T  is  given  by 

S,.  ■=  r,.Z./Ar  (3.3) 


wlnne  is  the  response  force  at  the  yield  point.  The  critical  shear  modulus  of  tin' 
single-chain  structure  is  6<t>Sc/(n(!').  It  is  clear  that  the  critical  response  coelKcieiii 
1)01'  iiarticlc,  Sc/A',  provides  a  measure  of  the  structure  strength.  The  bigger  the 
St/A',  the  stronger  the  structure. 


l'ig.7.  rile  IjcI  liittici;. 


'I'iir  hipular  ciicrj'to.'i  of  thr  slanli’il 
double  rliiiiii  and  llic  broken  ciniin  vs  tin- 
shear  strain  rcs|ierlively  Tlie  double  rhain 
has  1 19  particles.  'I'lie  energy  unit  i;;  )<'/[' /(F) 


The  same  calculations  and  analysis  ur<’  carried  for  doublr'  chains,  triple  chniiis 
and  I  hick  cohmins  of  the  bet  lattice.  These  structures  are  formed  by  two  dillereut 
types  of  chains.  As  shown  in  Fig, 5(a),  a  chain  of  cliLss  A  has  jiai  tides  e.xtendiiig 
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the  full  length  of  the  capacitor.  A  chain  of  class  B  can  be  obtained  by  moving  a 
chain  of  class  A  in  the  z  direction  by  a  sphere  radius.  In  addition,  beceuse  of  the 
two  electrodes,  a  chain  of  class  A  has  L/J  particles,  while  a  chain  of  class  B  has 
{Lid  -  1)  particles.  A  double  chain  has  one  A  chain  and  one  B  chain  closely  packed. 
Its  three  configurations  under  a  shear  strain,  slanted  double  chain,  broken  double 
chain,  and  slanted- broken  double  chain  are  shown  in  Figs.5(a)-5(c), 

As  shown  in  'f'ig.6(a),  the  triple  chains,  are  formed  from  two  A  chains  and  one  B 
chain  closely  packed.  The  slanted  triple  chain  and  broken  triple  chain  are  plotted 
in  Fig. 6(b)  and  Fig. 6(c).  A  thick  column  of  the  bet  lattice  is  a  three-dimensional 
structure,  shown  in  Fig.7.  We  denote  its  three  conventional  Bravais  latcicc  vectors 
as  \/3a(i-f-!/),  v'^a(x— y),  and  2a2  (see  Fig.7).  This  structure  can  cJso  be  considered 


as  a  compound  of  A  chains  and  B  chains' 
chain. 


5/L 


Fig.9-  rile  response  force  of  a  doable 
chain  oi  119  particles  vs.  the  shear  strain. 
The  force  unit  is  p-l(<)d*). 


.  There  are  fom  A  chains  around  one  B 


Fig.lO.  The  response  coefficient  S  of  a 
double  chain  of  119  particles  vs.  the  shear 
strain  up  to  the  yield  point.  The  unit  of  S 
>»  P^/{fjd*). 


Fig. 8  gives  the  dipolar  energies  of  the  slauted  double  chains  and  broken  double 
chains  of  119  particles  (60  particles  in  the  A  chain  and  50  in  the  B).  Fig.9  shows 
the  response  force  r  of  this  double  chain.  Fig.lO  is  its  response  coefficient  S.  At 
volume  fraction  0,  the  double-drain  structme  has  6^/[trd^(2  —  d/L)]  double  chains 
per  imit  cross-section.  Therefore,  this  double  chain  structure  has  shear  modulus 
GS<l,/[nd'\2-d/L)]. 
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Fig.  11.  gives  the  dipolar  energies  of  the  slanted  and  broken  triple  chain  of  59 
particles  (20  particles  in  the  A  chain  and  19  in  the  B).  Fig.  12  and  13  show  the 
response  force  and  response  coefficient  of  tliis  triple  chain. 

The  bet  lattice  used  in  our  calculation  has  nine  A  chains  and  four  B  chains. 
Since  a  bet  lattice  is  a  non-isotropic  three-dimensional  structure,  we  first  compared 
deformations  in  different  directions.  It  turns  out  that  the  shear  strain  in  the  x  (or 
y)  direction  has  the  lowest  response  force  for  this  bet  lattice.  In  Fig.  14,  we  plot 
the  dipolar-  energies  of  the  slanted  and  broken  bet  lattice  of  178  particles  which  has 
9  A  chains,  14  particles  each,  mid  4  B  chains,  13  particles  each.  Fig.  15  depicts  the 
response  force  r  for  the  bet  lattice.  Fig.  16  shows  the  response  coefficient  S  of  this 
bet  lattice.  All  deformations  in  Figs.  14- 16  are  in  the  x  direction. 


l-'ii;.  1 1 .  'I'hc  dipolar  eiicrgios  of  itie  slanted 
triple  cli.nn  and  the  b.-oken  chum  vs.  lliv 
shear  strain  respectively.  The  triple  chain  has 
59  particles  The  energy  unit  is 


Fig.  12.  The  rcspoii.se  force  of  .a  Iriple 
chain  of  59  particles  vs  the  shear  strain  The 
force  unit  is 


Similar  to  the  single-chain  case,  there  is  a  yield  point  Sc/ L  for  all  of  these 
structures.  When  the  shear  strain  is  less  6c/L,  the  slanted  structm-es  are  always 
preferred.  When  the  shear  strain  exceeds  6c/ L,  the  structures  break  into  two  parts. 
The  slanted-broken  structures  always  have  an  energy  interpolating  between  the 
slanted  structures  and  the  broken  structures.  Therefore,  the  competition  is  really 
between  the  slanted  structures  and  the  broken  .structures.  As  seen  in  Figs. 9,  12,  u  d 
15,  similar  to  a  single  chain,  when  S  >  Sc,  the  preferred  broken  structures  produce 
a  much  smaller  and  almost  flat  response  force.  In  Figs. 10,  13,  and  16,  wc  plot  the 
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rcspoHSf  coefficient  S  of  these  thick  structures  up  to  their  yield  point.  It  is  clem- 
from  Figs. 9,  12,  and  15  that  all  of  these  structures  have  a  much  smaller  S  beyond 
the  yield  point. 


6/L 


I'ig.l,'!.  The  response  coefnciciil  .S  of  h 
triple  chain  of  59  particic.-i  vs.  the  shear  strain 
Ihe  unit  of  S'  is 


Fig.  U  The  ilipolar  energies  of  the  slanledi 
bet  lattice  and  the  broken  hcl  lallue  vs.  the 
shear  strain  respectively.  I'he  IxL  lallice  has 
178  particles.  The  energy  unit  is  i>'f{ii<P) 


As  in  Eq.(3.3),  the  critical  response  coefficient  per  particle,  Sc/A',  of  the  double 
chain,  trijjle  chain,  atul  the  l)Ct  litlticc  provides  measurement  of  the  strength  of  the 
induced  structures. 


4  Results  and  Discussions 

To  understand  tlie  stability  of  the  solid  structures  and  make  a  coiuparison.  we 
plot  the  critical  response  coefficients  per  particle  S^/N  versus  d/L  in  Fig.  17.  .Vs 
stated  earlier,  the  higher  Sc/N,  the  stronger  the  structure. 

Fig. 17  first  shows  that  a  single  chain  is  stronger  than  a  double  chain  when  Ljd 
is  small.  This  is  coirsistent  with  the  result  reported  in  reference  8.  However,  as  L/d 
increases  (or  as  d/L  decreases  in  Fig. 17),  the  critical  response  coefficient  of  a  double 
chain  decreases  slower  than  that  of  a  single  chain.  When  L/d  >  400,  a  double  chiiin 
becomes  stronger  than  a  single  chain.  Our  numerical  calcvdation  also  verifies  this 
conclusion. 

In  addition,  as  d/L  — »  0,  the  critical  response  coefficient  per  particle  of  a  sin- 
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glp  chain  tends  to  zero.  Tlii.s  is  the  Peicrls- Landau  instability  of  an  infinite  one- 
dimensional  solid.  As  seen  from  Fig.  17,  the  response  coefficients  per  particle  of  a 
double  chain,  triple  chain,  and  bet  lattice  do  not  extrapolate  to  zero  as  d/  L  — •  0. 
This  implies  that  these  thick  structures  are  more  stable  than  the  single-chain  struc¬ 
ture.  The  single-chain  structure  may  be  stable  only  if  the  electrode  spacing  is  not 
too  wide. 


I'lg.iri.  The  rc.spoiisi'  force  of  a  bet  liit- 
tin'  uf  17S  piirlieles  vs.  llio  .slu'.vr  str.iin.  The 
force  iiiiil  is  ). 


TiK.  16.  The  ri’s|*<*tise  coellieient  S  oJ'  the 
hcl  lattice  of  176  parliele.s  vs  ihesheiir  strain 
up  to  the  yiehl  point.  The  unit  .S’ is /F/fryif ) 


As  .seen  from  Fig.  17,  the  triple  chain  i.s  much  stronger  than  the  double  ehiiin. 
When  L  =  GOr/,  the  critictil  re.sponse  coefficient  per  particle  of  a  tri])le  ehtiiu  is 
twice  as  big  as  that  of  a  double  chain.  The  bet  lattice  is  even  stronger  than  the 
triple-chain  structure. 

Fig. 13  and  IG  also  show  that  the  re.sponse  force  of  a  triple  chain  and  a  bet  lattice 
is  not  linear  with  a  small  deformation  6.  These  structures  arc  close- paeked  and 
have  very  limited  room  to  move  their  particles  in  the  initial  jiart  of  the  deformation 
(Fig.7).  In  responding  to  the  initial  deformation,  they  usually  produce  a  cjuite  lar  ge 
iikkIuIus  to  resist  the  deformation.  For  example,  a  triple  chain  in  Fig.G(a)  has  two 
chains  of  chiss  A  and  one  chain  of  class  D.  During  deformation,  the  positions  of  the 
second  chain  of  class  A  is  affected  by  the  deformation  of  the  middle  chain  of  class 
B.  If  b  incrccises,  the  deforme<l  structures  are  no  longer  clo.se-j)acked,  then  there  is 
more  room  to  arrange  irai’ticlos  and  the  response  force  becomes  almost  linear  with 
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tlie  defonnatioii.  Therefore,  the  response  coefficient  of  a  triple  chain  and  a  bet 
lattice  is  very  high  for  small  6,  then  it  decreases  with  an  increase  of  S  and  tends  to 
be  stable  as  <5  further  increases  until  is  reached. 

Because  the  single-chain  structure  is  not  a  close-packed  structure  (Fig.l),  its 
response  force  is  almost  lineru:  to  the  deformation  from  the  beginning  as  seen  in 
Fig. 4.  Tills  is  consistent  with  the  results  found  by  Conrad,  Chen,  and  Sprecher^. 
Though  a  double  chain  has  a  single  chain  of  class  A  and  a  single  chain  of  class  B 
close-packed,  the  geometric  deformation  of  these  two  chains  is  not  affected  by  each 
other  as  in  a  triple  chain  or  bet  lattice  (Fig. 5).  Therefore,  the  response  force  is  also 
almost  lineair  to  the  deformation  from  the  beginning. 

In  Fig. 18,  we  plot  the  yield  point  8c/L  versus  d/L  for  all  four  structures.  It  is 
noted  that  as  L/d  increases,  the  yield  point  decreases.  As  d/L  — *  0,  the  critical 
shear  strain  of  a  single  chain  does  not  tend  to  zero,  This  implies  that  to  break  a 
long  singe  chain,  a  minimum  shear  strain  is  stiU  needed,  though  the  shear  modulus 
is  vanisliing. 


Fig.17.  Critical  response  cocfricient  per  Fig.18  Yield  point  {,//.  versus  d/Z.  for 

p.arliclc  versus  d/L  for  the  single  chain,  dou-  the  single  chain,  double  chain,  triple  chain, 

blu  cliain,  triple  chain,  and  bet  lattice.  and  bet  lattice. 

To  conclude  our  paper,  we  would  like  to  make  some  comparison  of  our  theoretietd 
results  with  experiments®.  Conrad,  Sprecher,  and  Chen  observed  the  single-chain 
structure  when  (/>  is  low  and  L/d  is  not  too  big.  Sinailar  to  our  discussion,  tbev 

applied  a  shear  strain  to  the  chain  by  sliding  one  electrode.  The  sliding  electrode 
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had  a  rough  surface  and  there  was  sticking  between  the  electrode  and  pai  ticles.  The 
same  as  in  our  theoretical  discussion,  the  chain  first  became  slanted,  then  broke 
into  two  parts  when  the  shear  strain  exceeded  a  yield  point.  For  example,  their 
experiment  found  tlu  yield  point  idL  was  about  0.4  for  L/d  =  3.  Our  calculation 
finds  hc/L  =  0.31  for  L  =  3fi,  close  to  the  experimental  results.  Their  experirmuU 
also  found  the  response  force  was  about  3.8  x  10“®N  for  shear'  strain  0.21,  Ljd  =  3, 
and  E  =  2KV/mm.  Our  calculation  has  the  response  force  i.Qj? j((jd^)  under  the 
above  condition.  The  dielectric  particles  in  the  experiment  were  moist  glass  spheres 
oi  d  =  150pm.  The  liquid  has  (f  —  2.5.  The  effective  dielectric  constant  of  moist 
glass  spheres  was  not  measured  in  the  cxircrimcnt  but  was  expected  to  be  higher 
thiur  7.2,  the  dielectric  constant  of  dry  glass  spheres.  Applying  tire  effective  local 
field  for  a  single  chain* , 


Etoc  =  £/{!  -0.C01028O), 


(4.1) 


we  have  found  our  response  force  close  to  3.8  x  10  when  (p  =  22  i,  a  rea.sonable 
result  for  the  effective  dielectric  constant  of  moist  glass  spheres. 

In  another  experiment'",  the  abov-.-  group  found  that  when  the  volume  fraction 
<j>  <  0.06,  the  measured  shear'  stress  was  consistent  with  the  shear  stress  of  a  single¬ 
chain  structure.  When  ^  >  0.06,  double  drains  were  formed  and  the  measured 
shear'  stress  was  stronger  than  that  of  the  single-chain  structure.  As  d>  was  further 
increased,  the  measured  shear  stress  increased  because  thick  columns  wore  formed. 
This  conclusion  matches  our  theoretical  calculation. 

Worthy  of  note  is  that  our  present  calcidation  is  based  on  the  dipolar  approxi¬ 
mation.  Thougli  we  include  the  local  field  as  in  Eq.(4.1)  to  improve  our  results,  the 
contribution  from  higher  multipolcs  is  not  negligible  when  the  volume  fraction  <i>  is 
high'"’''*.  Then  the  response  force  will  be  stronger  than  that  under  the  dipolar  aj)- 
proxhnation.  In  addition,  the  thick  structures  are  even  more  favorable  in  ER  fluitls 
when  €p  >  ej  It  is  also  for  this  reason  that  we  .should  expect  the  ex])orim'mls 

to  find  the  double-chain  structure,  triple  chain  structure,  and  bet  lattice  structure 
stronger  than  that  from  our  calculation. 
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ABSTRACT 


W«'  r<’p«)rl  soiiii'  rlicoloj^ictil  ftwiLun*  tif  KH  IliinlsohserviMl  on  tisiiHixMiniuii  com¬ 
posed  ol'silira  pJirlicL  s  dispersod  in  siliroii  oil.  'I'ho  experimciiLM  hIiow  a  ihixolmpic 
iH'huvior  with  Iwo  diirurunt  clittractcristic  liitieii.  W(?  rclale  llie  .sliorler  one  to  the 
w'paralioii  lime  helween  (wo  particles  inside  n  chain  foniteil  hy  lln*  •deeiric  Hehl; 
the  loMKer  one  oriKinales  froin  a  nii'HUMopic  orj^.uiualion  of  the  Htispcnmon  siihiuiL- 
leii  U)  an  elt'ctric  Held  and  to  a  llow.  rids  utrnct'iral  ehuiifte  can  occur  as  well  m 
presence  of  a  stationary  llow  as  duim^  an  oscillatory  soUcitulioii.  In  tliiN  hkst  case, 
the  viscoclaKlic  parametefH  are  shown  to  he  very  Kensiilve  to  the  kind  of  prewnt 
sinicture.  We  explain  this  clcpcndance  hy  means  of  the  calcillufl  ol  inleractioii  forces 
between  two  or  thrc(‘  «lit‘luctric  particles. 


INTROmiCTlON 

Elcctrorheological  fluids  are  known  to  present  imporunf  changes  in  their  theological 
propenies  when  they  are  submitted  to  an  electric  field  of  a  few  kilovolts  per  miUimeter.  This 
behavior  comes  from  the  polari/juion  of  the  particles  and  from  the  resulting  structural  change. 
Generally,  the  ER  effect  is  evaluated  by  means  of  the  yield  stress  appearing  under  the 
application  of  on  electric  field.  Indeed  it  is  usual  to  describe  the  theological  behavior  of  ER 
fluids  by  a  Bingham  law  so  that  the  fluid  is  etterely  characterized  by  the  yield  stress  and  the 
plastic  viscosity  which  is  gcneially  taken  equal  to  the  viscosity  in  absence  of  the  electric 
field.In  order  to  predict  the  value  of  the  yield  stress,  the  suspension  is  often  represented  by  an 
assembly  of  non  interacting  chains  aligned  in  the  direction  of  the  applied  electric  field.  TTien, 
the  yield  stress  is  easily  ubuiined  from  die  knowledge  of  the  electrostatic  interoaion  force 
between  two  dielectric  particles  .  In  the  second  part  of  this  paper  (tlic  first  one  reports 
esperimenral  results),  we  compare  this  model  to  another  based  on  the  calculus  of  the 
restoring  torque  on  an  homogeneous  ellipsoid  tilted  in  a  field.  The  next  two  parts  are  devoted 
to  a  tentative  of  an  explanation  of  the  experimental  observations.  Actually  some  experiments 
carried  out  on  a  silica  ba.sed  suspension  show  that  the  behavior  of  ER  fluids  could  be  much 
more  complex  than  the  one  of  a  Bingham  fluid;  for  instance,  ER  fluids  can  exhibit  two 
distinct  diixotropic  features  with  two  different  characteristic  times.  In  the  third  part  we 
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propose  to  relate  the  shorter  characteristic  time  to  the  time  e'  -itution  of  the  distance  of 
separation  between  two  particles.  The  second  thyxotiopic  feature  is  shown  to  result  from  a 
new  organization  of  the  fibers  of  particles  in  stripes  formed  in  the  plane  defmed  by  the 
direction  of  the  field  and  die  flow  .The  same  kind  of  structural  changes  occurs  in  the  presence 
of  an  oscillating  flow  and  influences  considerably  the  viscoelastic  behavior  of  the  fluid.  This 
point  is  discussed  in  the  lost  section. 


I  -  EXPERIMENTAL 

In  this  first  part,  we  present  the  suspensions  and  devices  we  have  used  to  study  the  liieological 
behavior  of  ER  fluids. 

III.  Composition  of  EK  fluids 

We  have  used  two  kinds  of  suspension  which  are  both  composed  of  micronic  silica  panicles 
(2a  =  I[tm)  di.spcn>ed  in  silicon  oil.  The  solid  volume  fniaion  is  equal  to  12%  and  the  viscosity  of  the 

silicon  oil  is  either  20  cp  or  500  cp.  We  are  going  to  show  the  advantage  to  make  use  of  two 
suspensions  with  rather  different  viscosities.  Unfonunately  the  surface  tieatment  used  to  stabilize  the 
particles  was  different  in  these  two  samples,  so  the  interoaions  between  the  particles  ore  not  the  some 
in  botli  systems  and  the  experimental  results  obtained  on  each  dispersion  ore  not  direaly  comparaLile. 

The  relative  permittivities  of  the  suspensions  have  been  measured  with  a  variable  thickness  cell. 
The  permitdviiy  of  the  less  viscous  dispersion  has  been  found  to  be  £$  =  21,6.  With  the  knowledge  of 
this  value  and  of  the  permittivity  of  silicon  oil,  ep=  2,8,  we  can  deduce  the  internal  permittivity,  Cp,  of 
a  panicle  from  a  mean  field  theory  like  Biuggeman's  [  1  ].  We  get  Ep  =  62.  All  these  permittivity  values 
are  obtained  for  a  frequency  of  1(X)  Hz.  For  the  most  viscous  suspension  the  values  are  the  following  : 

Es  =  .3.2  and  Ej  =  7,7  at  100  Hz. 

1.2,  Experimental  devices 

Ihe  steady  flow  measurements  have  been  carried  out  on  a  controlled  suess  rheometer  Carriined 
CLS  100  either  in  cylindrical  Couettc  geometry  or  in  rotating  parallel  disks  configuration.  The  external 
cylinder  or  the  lower  plate  are  coiuiected  to  the  high  voltage  and  the  inteinal  cylinder  or  the  upper  plate 
are  rotating  and  grounded  through  an  electrode  deeping  in  a  mercury  reservoir  situated  at  the  top  of  the 
rotation  axis.  Each  of  the  two  sy.stems  is  convenient  for  a  special  experiment  :  with  the  Couettc 
geometry  wc  can  assume  that  the  shear  rate  within  the  gap  is  constant  since  the  difference  of  radii  of 
the  inner  and  the  outer  cylinder  is  small  (AR/R  -  0,08).  So  we  can  assume  that  everywhere  in  the  cell 
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the  state  of  the  suspension  is  the  same.  Concerning  the  second  device  the  disics  are  mode  of  glass  and 
are  coated  with  a  transparent  ftln  of  tin  indium  oxide.  It  allows  to  apply  an  electric  field  and  to 
maintain  enough  transparency  to  observe  the  structure  in  a  plane  perpendicular  to  the  field  with  a 
microscope. 

The  oscillating  plate  rheometer  we  have  used  is  an  original  device  [2).  The  cell  containing  the 
ER  fluid  IS  composed  of  two  parallel  disks  coated  witii  tin  indium  oxide;  the  lower  plane  is  motionless 
and  the  upper  one  is  mounted  on  the  arm  of  an  electromagnetic  vibrator,  the  applied  sinusoidal  force  is 
controlled  by  the  electric  current  passing  through  the  vibrator  coil  and  the  displacement  of  the  upper 
disk  is  measured  with  an  optic  sen.sor  whose  pmeision  is  one  tenth  of  micron  [31.  A  computer  records 
simultaneously  the  force  and  the  displacement,  the  motion  of  the  upper  disk  is  the  one  of  an  harmonic 
oscillator  governed  by  the  equation  : 


mx  +  (k  +  X  +  (a  +  )  x  =  r„  cos  ai„t  (1 ) 

d  d 

m  is  the  mass  of  vibrating  part  of  the  apparatus  k  and  a  are  respectively  the  elastic  and  the  damping 
factors  of  the  vibrator,  S  and  d,  the  surface  of  the  electrodr  r  and  the  gap  between  diem. 

At  last,  C  and  n'  are  the  viscoelastic  characteristics  of  the  suspension  :  storage  modulus  and 
viscosity  .  From  «].(!),  we  can  deduce  die  phase  shift,  <p,  between  the  displacement  and  the  applied 
force  ; 


and 


,  (a  +  ~)o) 


(2) 


Then,  a  rneasuremem  of  the  variation  of  <p  versus  the  frequency  allows  to  determine  the  storage 
modulus  C. 

lU,  Preliminary  experimental  observationt 

Performing  measurements  of  the  static  yield  soesJ,  we  have  observed  that  its  value  was 
dependant  on  the  rate  of  increase  of  the  shear  stress.  Tnis  time  dcpcndancc  is  nut  Su  oficn  rcporied 
since  most  of  experiments  are  carried  out  with  controlled  shear  rate  rheometers.  The  second  important 
observation  is  that,  whatever  the  characteristic  time,  the  loading  and  unloading  curves  arc  different. 
These  observations  were  made  under  a  field  of  1710  V/mm  on  the  more  viscous  fluid.  They  are 
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reported  in  Hg.  1  where  are  represented  three  loading  curves  obtained  for  different  rates  of  increase  of 
the  shear  stress  and  an  unioading  curve,  which  is  independent  of  time  in  our  experimental  titnes  range 
The  time  evolution  of  the  loading  behavior  seems  to  be  of  the  same  order  of  magnitude  as  the  time 
needed  for  the  particles  to  separate  of  a  diameter  from  each  other.  The  cxperimentul  observations  will 
be  explained  by  means  of  a  model  based  on  two  panicles  hydrodynamic  and  electrostatic  uitcractions. 
7he  characteristic  time  evolution  is  proponicnnal  to  the  viscosity  of  the  suspending  fluid,  so  this 
thixotropic  behavior  is  easier  to  observe  on  the  more  viscous  fluid. 

We  also  noted  that  the  rheological  behavior  is  history  dependant.  Indeed  fig.  2  presents  two 
thcognuirs  obtained  either  when  the  su.spcnsion  is  stressed  for  the  first  time  after  the  application  of  tlic 

ft  « 

electric  field  (lower  curve)  or  when  a  prestretts  of  28  Pa  (y  =  20  s'*)  has  been  applied  during  few 
minutes  (upper  curve).  These  la.st  observations  have  been  made  with  the  parallel  transparent  disks  on 
the  less  viscous  fluid  in  order  to  be  sure  that  the  rheograms  were  equilibrium  curves.  We  observed  that 
during  the  prestress,  isolated  aggregates  moved  to  form  .some  concentric  stripes  in  the  direction  ol  the 
flow  and  of  the  field.  We  .shall  explain  the  increase  of  the  yield  .stre.ss  in  the  presence  of  stri|ics  by  their 
intcnial  structure  and  the  interaction:!  of  particles  inside  themselves. 


I'  tS-l  ltlH‘0!:riiiii.s  ohiitiiH-il  for  tiilfcrt'iiL  lon,l- 

iiiS  liiiR-ii:  I  -z  ^  X  10  ■'  l>,i/s  (  -),c- 

Kl-'J  I’li/.H  (-  -  ),  r  =  (1  ;i:) 

WliiiLi'vcr  tin-  I'liiir.'iirti'riHlic  unloading  tiriu; 
llii’  rhiiograiii.s  arc  tin-  same. 


Fig  ‘i.  i;<|«ililjtiiiiM  rlii'ogrniiiH  oliUiiu  il  willi 
iml  luiy  prenlu’.TO  (•  •  •)  ami  a 
of  '28  I’a  rorreaiioading  to  a  shrar  tali’  of  211 
a''  (i>  o  o). 


Fig.  3  top  vicwr  ( in  the  plmir  perpendicular  to  the  electric  field)of  the  structure  of  the 
suspension 'submitted  to  a  ficid  and  a  flow;  A  rstripes  parallel  to  the  direction  of  the  field  and 
the  flow  observed  cither  in  a  stationary  flow  or  iit  oscillating  sliear  at  large  amplitudes  (y-  1), 
B  tshcets  perpendicular  to  the  flow  obtained  in  oscillatory  flow  for  intermediary  amplitudes 
(10-2cy><l) 


We  can  observe  the  same  land  of  phenomenon  in  sinusoidal  oscilladon  experiments  ;  when  the 
amplitude  of  the  strain  is  vety  small  (y  <  1&~^),  the  aggregates  remain  isolated  whereas,  when  the 
deformation  is  increased  to  about  1,  they  form  a  stnictuie  very  similar  to  the  one  observed  in  steady 
flow  (planes  parallel  to  the  direction  of  the  flow  and  of  the  field,  fig.3.A.).  And,  at  last,  under  some 
intermediary  strain  amplinides  the  aggregates  group  into  sheets  perpendicular  to  the  direaion  of  the 
flow  (figJ.B).  The  stoiage  modulus,  C,  of  the  suspension  under  the  field  is  very  sensitive  to  the 
structure.  Tab.  1  presents  a  summary  of  the  variation  of  G'  versus  the  structure.  These  results  were 
obtained  at  a  strain  amplitude  of  2.10'^  in  the  presence  of  a  sinusoidal  electric  field  of  amplitude  Eo  - 
16.S  kV/cm  and  of  fiequency  vb  -  600  Hz.  C  is  pnuhically  independant  of  the  oscillatory  frequency  in 
the  range  of  frequencies  we  have  used  (SO  <  V  <  80  Hz). 

Suucture  Isolated  aggregates  Perpendicular  sheets  Parallel  stripes 

G'(Pa)  170  74  1280 


lulU. 

As  in  the  stationary  case,  the  influence  of  the  struauie  formation  on  the  values  of  the  storage  moduli 
can  be  explained  by  the  interactions  between  two  or  three  particles  insidu  die  stripes. 

11.  STATIC  YTKl.nSTBKSS 

Generally.the  rheological  behavior  of  ER  fluids  is  modeled  by  n  Bingham  law;  indeed,  in  the 
presence  of  the  field  the  particles  form  aggregates  elongoted  in  the  field  direction  which  can  link  the 
two  electrodes.  So,  if  we  want  the  suspension  to  fi  ..v  in  direction  orthogonal  to  the  electric  field,  a 
finite  stress  is  needed  in  order  to  break  the  fibers  of  particles.  This  is  the  static  yield  stress.  Usually,  the 
field  induced  structure  is  modeled  by  assembly  of  isolated  chains  of  panicles.  This  description  is 
correct  when  the  solid  volume  fiacUon  is  very  low  (less  than  1  %).  At  higher  solid  content,  the  chains 
group  into  thicker  fibers.  In  this  first  pan,  we  are  going  to  show  the  influence  of  the  choice  of  the 
structure  model  (chains  of  panicles  or  prolate  ellipsoidal  aggregates)  on  tire  static  yield  stress 
predictions. 


11.1.  Chain  model 
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This  reference  model  is  based  on  the  hypothesis  that  the  structuie  induced  by  the  field  is  formed 
of  isolated  chains  of  spheres  linking  the  two  electrodes.  In  this  case,  the  yield  stress  is  simply  related  to 
the  force  needed  to  separate  two  particles  initially  aligned  in  the  field  direction  and  pulled  tangentially 
to  each  other. 

Klingenberg  [4]  has  calculated  this  force  for  two  dielectric  spheres  of  permittivity  Ep 
surrounded  by  a  dielectric  fluid  of  permittivity  is  ef.  The  maximum  of  this  restoring  force  F12"'  gives 
the  yield  stress ; 

Xs  =  :5-^Fr2  (3) 

where  41  <:>  the  volume  fraction  of  particles  and  a  their  radius. 
ri2"'  Ls  the  maximum  of  the  restoring  force  which  is  given  by  : 

FYi=3ef  a^p^E^ff^.t)  (4) 

with 

p  =  £E:ir 

E,.  +  Ef 
and 

=  (a)^!  (2f//  +  2fr)  sine  cos^O  -  fjsin^  8] 

Where  f//,fr  and  f^epend  only  on  the  ratio  of  periiiittivities  and  are  calculated  for  various  ratios  [4], 
151. 


II.2.  Ellip.soids  model 

Since  usually  ER  fluids  ore  concentrated  or  semi  diluted  suspensions  (4  >  10%)  their  smteture 
under  an  electric  field  lias  to  be  modeled  by  elongated  aggregates  rather  tlian  by  isolated  chains.  In 
previous  works  we  have  shown  that  the  aggregates  could  be  represented  by  prolate  ellipsoids  16],  [7], 
We  assume  that,  during  the  shear  (before  the  yield  stress  is  reached),  the  shape  of  the  ellipsoids  (ratio 
of  the  semi  main  axis,  1,  to  the  semi  small  axis,  b)  doesn't  change.  This  hypothesis  is  not  verified  since 
the  aggregates  which  connect  the  two  plates  of  the  ihometerare  stretched;  but  we  have  verified  that 
taking  into  account  the  siietch  only  modify  the  numerical  results  by  a  few  percents.  So  we  can 
calculate  the  yield  stress  from  the  torque  needed  to  rotate  the  Na/S  aggregates  per  luiit  area  in  the 
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presence  of  a  field.  The  torque  is  given  by  the  derivative  of  the  energy  with  respect  to  0,  the  angle  of 
inclinaison  ; 

r  =  -au/D0  (5) 

with  the  electrostatic  energy  per  unit  volume  given  by 

U  =  (-  Na/v;  Ma.Eo  (6) 


In  Eq.  6  Na/V  is  the  number  of  aggregates  per  unit  volume,  Ma  their  dipolar  moment  and  Efl,  the 
applied  electric  field. 

So,  from  Eqs  (5)  and  (6;  wc  can  express  the  torque  per  unit  volume  which  is  also  die  restoring 
force  per  unit  area  ; 


r  -  §2.  f p  .  1  1  p2  .^1 _ (£r  •  1 )  (tty  -  lit) 

*  -  O  ir,  -  i;  t-o  r,  .  /„ - _  If,  . 


[1  +(£,-  I)rJ[l  +(£,-  l)ny] 


(7) 


where  $a  ‘S  die  solid  volume  ftacUon  inside  the  aggregates  which  has  been  chosen  equal  to  0,64.  £a  is 
the  relative  permittivity  of  the  aggregates,  this  value  is  calculated  from  £p  with  the  help  of 
Bruggeman's  theory;  er  =  Ep  /  ep  is  the  ratio  of  the  permittivities . 

At  last,  nz  and  ny  are  the  depolarizing  factors  in  the  direction  of  the  main  axis  of  the  ellipse  i 
and  perpendiculary  to  it,  res’pcctively : 


and  ny  =  (1  -  n?)  /2  (8) 

where  e  is  the  exentriciiy  : 


lU.  Experimental  results,  comparison  with  theories 
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For  this  fust  experiment  whose  aim  is  to  detennine  the  static  yield  stress,  we  have  used  the  less 
viscous  swpension.  indeed,  in  the  third  pan  of  this  paper,  we  shall  show  that  the  theological  behavior 
of  ER  fluids  is  governed  by  a  characteristic  time  proportional  to  the  viscosity.  So  with  the  less  viscous 
fluid,  we  can  reach  faster  the  equilibrium  and  measure  the  real  equilibrium  static  yield  stress. 

The  static  yield  stress,  ts.  is  measured  by  increasing  the  applied  shear  stress  from  zero  to  a  final 
value.  Is  is  assumed  to  be  reached  when  the  velocity  becomes  non  zero. 

As  expected  theoretically,  the  variation  of  the  yield  stress  versus  the  electric  field  is  quadratic. 
This  behavior  is  shown  in  fig,  4  where  are  also  represented  the  theoieucal  predictions  of  the  two 
models.  Chain  model  underestimates  the  yield  stresses  while  ellipsoid  model  gives  larger  values.  In 
this  last  model,  the  possibility  for  the  particles  to  separate  from  each  other  as  in  the  model  of  isolated 
chains  is  not  taken  into  account  This  separation  lowers  the  restoring  torque  and  a  more  suitable  model 
should  consider  both  the  real  structure  of  the  suspension  (ellipsoidal  aggregates)  and  the  separation  of 
panicles  inside  the  aggregates  during  the  shear. 

Yet  even  if  the  model  of  isolated  chains  is  not  really  suitable  for  concentrated  ER  fluids,  it  is 
interesting  because  it  offers  a  microscopic  description  of  the  suspension.  In  particular  we  are  going  to 
see,  in  the  next  two  parts,  that  this  discrete  modelization  of  the  suspension  allows  a  semi  quantitative 
explanation  of  the  thixotropy. 


Fig.4  Yield  stress  vcnus  electric  field,  experimental  curve  (o  o  o ),  chains  model 
predictions  (••#),  ellipsoids  model  predictions  (VW) 
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m  -  THIXOTROPY  OF  ER  FLOPS 

In  this  part,  we  relate  the  thixotropic  behavior  of  ER  fluids  to  the  microscopic  scale.  In 
particular,  we  are  going  to  see  that  thixotropy  has  two  distinct  origins  whose  characteristic  times  are 
very  different :  an  hydrodynamic  origin  with  a  short  characteristic  time  coitesponding  to  the  separation 
of  two  spheres  inside  a  chain  and  a  structural  origin  where  the  caracteristic  time  is  ruled  by  the 
displacement  of  entire  fibers  to  form  some  planes  in  the  direction  of  the  field  and  the  flow, 

III.l.  Hydrodynamic  thixotropy  ;  dynamical  effect 

Our  purpose  is  to  explain  the  dependance  of  the  rheograms  on  the  rate  of  increase  of  the  shear 
stress  t.  For  a  linear  increase  with  time  : 

t  =  ct  (9) 

We  shall  model  the  suspension  in  presence  of  the  electric  field  by  a  set  of  isolated  chains  linking 
the  two  plates  of  the  rheometer.  Each  panicle  in  a  chain  is  submitted  to  a  force  F®  given  by  : 

F*  =  ^alct  (JO) 

and  also  to  the  electric  restoring  force,  Fl2.  civen  by  the  formula  (4).  So  we  can  obtain  the  relative 
velocity  of  a  pair  of  particles  in  a  chain  by  the  product  of  the  mobility  matrix  by  the  difference  of 
forces  acting  on  them  ; 


8V  =  M[F»-F,2]  (11) 

e  is  the  unit  vector  aloi>u  ’he  ’  -lion  of  the  tilted  chain;  its  components  are  cos  6  in  the 
direction  of  the  fielt  nn  G  „  iirection  of  the  applieo  force.  ^  is  the  normalized  (by  a) 
separation  between  par,ti.  For  si..  dl  separations  (4<0.1),  the  functions  G(^)  and  H(^)  can  be 
approximated  by : 

G(0  =  24 +1.8^2  in4-4  42 

H(^  =  0.401  -  0.532 /ln4 

So,  using  eqs.  (4),  (10)  and  (1 1)  we  obtain  the  equation  of  relative  motion  of  the  two  particles  : 

^(4+2)  s^e]  ^  ^  j  jp, 

at 


(12) 
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In  this  model,  we  assume  that  the  chain  deformation  Ls  affine  i.e.  th-are  is  no  motion  along  the 
field  axis.  Then  0  and  %  are  related  by : 

cos9  =  (2  +  4o)/(2  +  5)  (13) 

where  ^o  normalized  separation  (when  the  chain  is  not  strained)  be’wcen  panicles.  I'or 

tills  value,  we  have  chosen  10'^.  Nevertheless,  since  the  relative  motion  is  uuigendal  and  the  maximum 
restoring  force  is  reached  for  a  rather  large  angle  (0  «  10°),  the  choice  of  this  parameter  docs  not  affect 
significantly  the  re.sult  of  eq.  (12).  The  left  term  in  eq.  (12)  gives  the  relative  nonnaJized  velocity  5V 
which  is  related  to  the  shear  rate  by  : 


7=— —  (14) 

(2  + 4a) 

This  model  is  valid  as  far  as  the  chain  does  not  break.  Then  after  the  rupture  we  have  to 
consider  the  rebuilding  of  the  chain  but  as  can  be  seen  experimentally  ,  it  is  simpler  to  u.se  a 
Bingham  law ; 


t  =  HoY+^  (15) 

where  rio  is  the  zero  field  viscosity  and  td  the  dynamic  yield  stress,  td  can  be  calculated  by 
evaluating  the  extra  viscous  dissipation  introduced  by  the  piescnce  of  the  electric  restoring 
force  [8].  Indeed  when  the  relative  motion  of  two  particles  is  restricted  by  the  electrostatic 
interactions  the  energy  is  stored.  This  energy  is  given  back  by  means  of  an  extra  dissipation 
when,  on  the  contrary,  the  chain  breaks  and  reforms  rapidly  (9|.  In  this  model  xd  can  be 
evaluated  by  the  following  integral : 


Fit  (y)<iy 


where  <d>  is  the  average  distance  between  two  chains. 

Fig.  5,  shows  the  theoretical  rheograms  obtained  with  this  model  for  two  different 
rates  of  increase  the  stress  :  c  =  4.10'3  Pa/s  (lower  carve)  and  c  =  0.33  Pa/s  (upper  carve). 

Comparing  these  results  to  the  experiinental  one  prcscnt«l  in  fig.  1  we  can  first  note 
that  this  simple  two  spheres  model  is  able  to  explain  the  main  features  of  the  experiment 
results.  The  theory  underestimates  the  values  of  the  stress  but  this  problem  has  been  discussed 
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ill  pan  n  where  we  have  shown  that  a  chain  model  could  not  describe  properly  the  rheology 
of  a  concentrated  suspension  in  the  presence  of  a  field. 

At  last,  it  is  worth  noting  that  die  experimental  results  arc  reproducible  only  if  the  increase  of 
the  stress  is  proceeded  by  an  homogencizotion  of  the  suspension  without  electric 
field.Otherwise,  the  rheological  behavior  of  the  ER  fluid  is  history  dependant  with  a  long 
characteristic  time.  In  the  next  section,  we  relate  this  dcpcndancc  to  a  mesoscopic  struaural 
change  of  the  .suspension. 


Z  *  6  0  10  12  U  16  16 


E  to*  (V/n.) 

Fig. 5  Theoretical  rheugrams  obtained  from  a  model  based  on  the  calculus  of 

hydrodynamic  and  electrostatic  forces  between  two  particles,  ( _ )  landing  curve  widi  c= 

4  10-3  Pa/s  ,( - llacding  curve  with  c=4),33  Pa/s .  ( - )  unlaoding  curve. 


III.2.  Slrudurul  influence  on  rheuiugy 

Experiments  show  that  the  yield  stress  is  larger  when  the  suspension  has  been 
already  sheared  and  Is  structured  in  stripes  in  die  plane  defined  by  the  flow  lines  and  the 
electric  field  (fig.2).  We  can  model  these  stripes  by  a  juxtaposition  of  chains  of  spheres 
shifted  by  a  radius  in  the  direction  of  the  electric  field  (Fig.6).  Tlicn  when  this  structure  is 
being  sheared,  we  have  to  consider  not  only  the  interaction  between  two  spheres  in  a  same 
chain  (B1  and  B2)  but  also  the  interaction  between  particles  belonging  to  juxtaposed  chains 
(B1  and  A2).  Assuming  additivity  of  electrostatic  forces  -  which  Is  a  not  too  bod 
approximation  if  the  ratio  of  permittivities  Ep/Cf  b;  small-  the  elearostatic  restoring  force  per 
unit  area  is : 
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+FtlA2)-ei  (16) 

|jia2  |iia2 


This  gives  =  30  Pa  for  the  value  of  the  yield  stress  to  be  compared  to  Ts'=12  Pa, 
for  non  interacting  chains  .  We  see  that  the  experimental  and  theoretical  ratios  are 

very  close ; 


fl]  =ffi  =  2.6 

rnd 

\^L 

=  ift  =  2,5 
12 


Moreover.we  have  verified  the  relevance  of  this  explanation  with  the  help  of  a 
macroscopic  experimental  model  where  the  force  necessary  to  break  three  isolated  chains  of 
iron  centiinetric  spheres  in  a  magnetic  field  is  compared  to  die  one  needed  to  break  a  stripe  of 
three  imbricated  chains  in  its  own  plane  [10].  The  results  are  well  agree  with  the  proposed 
model.  At  last,  it  is  worth  noting  that  rupture  occurs  very  differently  if  chains  form  planes  or 
remain  isolated.  Indeed  the  variation  of  the  restoring  force  versus  the  deformation  is  shown  in 
figure  7  for  the  two  cases.  When  the  chains  are  non  interacting,  the  rupture  (maximum  of  F)  is 
preceded  by  a  separation  of  the  particles  inside  die  chains  whereas  in  the  presence  of  planar 
stnictures,  the  rupnirc  occurs  at  zero  strain.  These  different  behaviors  have  probably  a  great 
influence  on  the  viscoelastic  properties  of  the  ER  fluids. 


Fig.6  Sheniatic  rcpiesentadon  of  the  structure  of  a  plane  insine  a  stripe  and  of  its  rupture 
during  a  shear. 

IV.  vi.srnpr.ASTir  behavior 

Experiments  sho\w  a  strong  dcpendance  of  the  elastic  moduli  on  the  structure  of  the 
suspension  (a  difference  oi'  one  order  of  magnitude  depending  on  the  stripes  are  parallel  or 
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perpendicular  to  the  flow)  (Tab.l ).  In  the  case  of  non  interacting  chains,  the  relation  between 

the  equilibriiun  stress, -x,  and  the  dcfomiaton.  y,  can  he  obtaii^ed  from  equation  (4)  which  can 
be  rewritten  foi  small  strains  : 


x  =  with  Fr=24jccoe,aJp^E2(»)^(f//+fr)Y  (17) 


This  expression  leads  to  G'(o}«0)»x/Ys36  Pa.  This  is  to  be  compared  to  the 
experimental  one  obtained  at  a  frequency  of  60Hz :  G'((o=377))=170Pa. 

The  theoretical  value  is  about  five  times  lower  than  the  experimental  one.  This 
difference  has  likely  several  origins  .  We  have  already  pointed  out  the  first  one  in  section  n 
where  we  have  shown  that  the  non  interacting  chain  model  is  not  adapted  to  describe 
concentrated  or  even  semi  diluted  supensions.  On  the  other  hand  the  non  affine  motion 
introduces  a  motion  perpendicular  to  the  velocity  lines  which  can  strongly  increase  the  high 
frequency  modulus  (llj.  This  is  also  what  is  observed  experimentally  (12]. 

In  order  to  explain  the  difference  between  moduli  either  in  the  presence  of  parallel 
stripes  or  isolated  fibers,  we  can  use  on  the  same  kind  of  argument  than  in  the  stationary  case. 
Yet  it  is  impossible  to  deduce  the  value  of  G'  from  the  calculus  of  the  inreraction  forces 
between  three  particles  since  the  rupture  of  a  plane  occurs  at  xero  deformation  which  would 
lead  to  an  infinite  modulus.  To  solve  this  difficulty .  it  would  be  interesting  to  build  a  model 
where  the  structures  inside  the  planes  are  able  to  atreicii  and  deform  themselves 

On  the  other  hand,  if  we  form  parallel  stripes  at  hi^  shear  amplitude  and  then 
measure  the  elastic  modulus  in  the  orthogonal  direction  we  find  about  the  same  values  of  G' 
than  the  ones  obtained  with  the  perpendicular  sheets.  By  this  ns^an,  we  can  evaluate  the 
anisotropy  of  the  elasticity  modulus  which  itself  gives  an  indication  of  the  internal  anisou'opy 
of  the  structures.This  observation  would  lead  to  propose  a  model  for  the  structure  inside  the 
stripes  :  some  monolayers  of  paiticies  separated  by  a  distance  larger  or  of  the  order  of 
magnitude  of  the  particle  diameter. This  kind  of  structure  has  been  panly  observed  by 
Brownian  dynamics  in  a  steady  flow  [131, 


CONCLUSION 
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In  this  paper  are  summarzed  the  main  features  of  rheological  behavior  we  have 
obseved  on  a  silica  suspension  submitted  to  an  electric  field.  Furthermore  we  heve 
emphasized  the  thizotropic  character  of  ER  fluids  with  is  two  different  characteristic  times  ;  a 
short  one  related  to  the  separation  between  two  particles  and  one  much  longer  ezplained  by 
the  formation  of  a  new  mesoscopic  order  in  the  suspension.  Hiis  effect  due  to  a  me  soscopic 
change  of  the  structure  under  a  steady  flow  is  also  found  in  oscillating  flow.  In  this  last  cose 
the  measured  values  of  the  elastic  moduli  differ  of  mote  than  one  order  of  magnitude 
depending  on  the  pre.sence  of  stripes  either  parallel  or  perpendicular  to  the  velocity  lines. 


X 


Fig.7  Variation  of  the  restoring  force  vasus  the  strain  A  :  in  the  case  of  non  Interacting 
chains  (F^-Fai  A2)t  B  :  in  die  case  of  planar  structures  sheared  in  their  own  direcrion 
(F=Fb1B2+FB1A2). 
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ABSTRACT 

llic  pru|>crtiei>  of  am  oloctrurlioological  fluid  (BR  fluid)  aalrongly  depend  upon  ib>  pauficulair 
composibon.  Heoce,  only  limited  mfomuboii  can  be  provided  about  au  HR  fluid's 
behaviour  and  its  panuuetertt  without  conducting  oxperimeotai  aatudiea.  The  perfomianue  of 
an  HR  fluid  actuator  can  be  limited  if  the  ER  fluid  uaud  is  not  well  known.  That  ia  why 
applicaUun-orieuted  mcaaurement  techniques  are  iodispenaabte  in  the  dovelupmcnt  of  ER 
fluid  actuators. 

Kotatioiuii  viscometers  witli  an  electrically  insulalod  measurement  arrangement  can  be 
implemcoted  fur  determining  rheological  and  electrical  ER  fluid  behaviour.  In  this  paper, 
the  deinands  on  the  staben  used  fur  mcasuiing  rheological  and  electrical  ER  tluid 
parameters  ore  deterouned  based  on  the  essential  EK  fluid  properties.  Imgiortaut  problems 
concerning  the  uieasurumcnta  are  also  discussed.  Mureuvot.  the  experience  gathered  by 
the  Uiburatury  fur  Process  Automubun  (LPA)  during  the  construcboii  of  such  a  universal 
ineusuring  stabun,  which  it  based  ou  u  couunurcially  available  rotational  viscometer.  Is 
described. 


1.  Introduction 

The  proi>ertics  of  an  clcctrorhcological  fluid  (UR  fluid)  strongly  depend  uiwn  its 
particular  composition.  Therefore,  only  very  general  statements  can  be  made  about  the 
behaviour  of  ER  fluids.  In  addition,  experitnents  are  necessary  to  obtain  exact  ER  fluid 
parameters  while  the  relationship  between  the  chemical  composition  and  the  physical 
properties  of  ait  ER  fluid  has  not  yet  been  established.  These  tests  are  unrenounccable 
for  the  teclinical  application  of  clcctrorhcological  fluids  since  the  functionability  of  an 
actuator  cait  be  limited  through  a  lack  of  knowledge  about  the  ER  fluid  used  and/or  the 
use  of  an  inappropriate  fluid.  On  this  basis,  the  technique  of  measuring  ER  fluids  is  an 
important  prerequisite  for  the  development  of  ER  fluid  actuators. 
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2.  Universal  LR  Fluid  Measurement  Station  with  Rotational  Viscometer 

The  basic  layout  of  the  measurement  stand  installed  at  tlie  Laboratory  for  Process 
Automation  (LPA)  for  determining  the  rheological  and  electrical  properties  of  ER  fluids 
is  shown  in  Figure  1.  In  addition  to  the  ER  fluid  viscometer,  the  temperature  control 
system  and  the  liigh-voltage  source,  it  consists  of  components  for  precision  measurement 
of  the  current  between  and  voltage  across  the  electrodes.  A  computer  equipped  with 
D/A  and  A/D  converters  is  implemented  for  recording  the  measurement  values  as  well 
as  for  controlling  the  experiment.  A  software  package  which  is  capable  of  iterforming, 
for  example,  Fast-Fourier-Transforms  (FFT)  is  used  for  signal  analysis. 


I'iljurc  1 :  Layiiut  uf  tbu  UR  ttuiU  meuiureiiieiit  stsUoii 

2  /.  Electrical  Requirements  for  an  ER  Fluid  Viscometer 

A  viscometer  with  electrically  insulated  rotational  elements  can  be  implemented 
in  the  determination  of  rheological  and  electrical  ER  fluid  behaviour.  By  applying  an 
electrical  voltage  potential,  the  test  fluid  can  be  exposed  to  an  electric  field.  For 
cylindrical  viscometers,  the  voltage  potential  exists  between  the  outer  and  inner 
cylinders  and  for  plate-plate  viscometers,  between  the  plates. 

In  addition  to  electrical  insulation,  it  is  important  to  prevent  noise  by  shielding  the 
sensors  and  electronic  circuits  from  the  ER  fluid  control  signals.  This  is  particularly 
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important  for  viscometers  with  inductive  torque  and  rotational  speed  sensors,  In  sucli 
viscometers,  signal  noise  can  be  seen  when  ER  fluids  are  activated  with  high  amplitude 
alternating  voltages  if  no  sixteial  shielding  is  provided. 

During  measurement,  electrical  potentials  with  amplitudes  of  up  to  a  few  thousand  volts 
can  exist  at  the  viscometer  electrodes.  To  protect  from  personal  injury,  the  viscometer 
should  be  further  shielded.  For  the  protective  housing  implemented  on  the  LPA 
measurement  station,  tlie  electrical  control  signal  can  be  applied  to  the  electrodes  only 
when  an  additional  high-voltage  switch  is  activated  by  a  closed  housing  door. 
Additionally,  the  operating  conditions  are  indicated  with  signal  lamps. 

I’he  control  voltage  amplitude  may  be  limited  by  arcing  between  electrically  activated 
|)arts  of  the  viscometer,  jxirticularly  under  conditions  of  high  humidity.  For  this 
problem,  rinsing  with  an  inert  gas,  such  as  nitrogen,  can  be  a  remedy. 

2. 2.  Raquiranents  tbi  an  High-  Voltage  Source 

Together  with  the  characteristics  of  the  viscomele. ,  the  ijcrformancc  ol’  the  high- 
V  -Itage  source  also  determines  which  tests  can  be  carried  out  on  ER  fluids.  Conversely, 
the  demand  on  the  high-voltage  source  can  also  be  deduced  I'rom  the  desired 
experimental  procedures. 

It  has  been  shown  in  mctisurcmcnt  practice  tliat  the  implementation  of  a  power  source 
with  an  output  amplitude  controllable  up  to  S  kV  is  useful  in  a  mcasurcmctii 
arrangement  with  a  typical  sheer  gap  width  of  up  to  about  1  mm.  In  addition  to  1X1 
voluiges,  the  power  source  shc  ild  be  capable  of  producing  sinusoidal  wave  fonns  so  that 
the  freqtiency  behaviour  of  an  BR  fluid  can  be  tested.  For  this,  the  frequency  of  the 
l>owcv  signal  should  be  controllable  while  a  frequency  range  from  0  to  1  kHa  has  bcett 
di  lermincd  useful. 

An  example  of  the  frequency  dependent  behaviour  of  an  ER  fluid  is  shown  in  the  tlow' 
curves  .a  Figure  2,  These  results  were  obtained  front  sinusoidal  control  fields  with  an 
effective  (root-mcan-square)  field  strength  of  ~  ^  kV/mni.  For  comparison,  Uic 
curves  obtained  with  no  field  applied  as  well  as  those  with  a  DC  field  of  strengtli 
E  =  2  kV/mm  arc  included.  The  measurements  were  performed  willi  a  modified 
HAAKE  CV  20  viscometer  with  a  cylindrical  arrangement  at  a  constant  temperature  of 
25°C. 

An  undesirable  behaviour  is  observed  in  the  ER  fluid  controlled  by  a  DC  input  signal. 
With  an  AC  control  voltage,  on  the  other  hand,  the  ER  fluid  exhibits  good  properties 
and  demonstrates  no  reduction  in  the  shear  stress  even  at  high  shear  rates.  Jt  can  also  be 
noticed  from  a  compaiison  of  the  curves  that  the  achievable  shear  stress  increases  up  to 
a  frequency  of  250  Hz  at  which  the  maximum  value  is  reached.  The  st.-ess  values 
become  smaller  again  with  higher  frequencies. 
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iMgui's  2:  Plow  cui-vcs  for  an  liR  lluid  wjtli  sinusoidal  coiilrol  ticlds 

The  lechnical  effort  to  produce  square-wave  alternating  voltages  is  considerably  sinalu  i 
than  for  sinusoidal  wave  forms.  The  electronics  for  producing  square- wave  forms  aie 
also  smaller  and  cheaper.  For  tliesc  reasons,  the  control  of  ER  fluids  with  square-wave 
signals  could  play  an  important  role  in  future  applications.  In  automotive  damping,  for 
example,  the  control  of  motor  mounts  and  shock  absorbers  can  be  perlurmeil  by 
compact  square-wave  inverters  coupled  with  high-voltage  transformers  at  each  dam]vr. 
In  this  divided  control  concept,  the  invertcr/transformer  circuits  can  be  .supplied  by  .i 
centrally  located  low-voluigc  DC  source. 

On  this  basis,  it  is  useful  to  implcmei  square-wave,  in  addition  to  DC  ami  sinusoidal 
control  signals,  in  determining  the  properties  of  ER  fluids.  This  requires  ilmi  the  high 
voltage  source  also  be  able  to  generate  square-wave  signals,  of  which  the  ampliiudc,  llu- 
frequency  and  the  pulse  width  of  the  signal  should  be  controllable  with  a  coiupuici . 

rite  flow  curves  demonstrating  the  influence  of  the  change  in  the  pulse  width  are  shown 
in  Figure  3.  The  ER  fluid  was  controlled  with  a  bijxilar  square-wave  field  signal  with  an 
amplitude  of  E  =  7.  kV/mm  and  a  frequency  of  300  Hz.  Various  pulse  width  ratios  wen 
tested.  ITie  pulse  width  ratio  wis  defined  as  the  ratio  between  the  pulse  width  t|  and  the 
period  ti  (see  Figure  3).  As  in  the  previous  example,  the  tests  were  performed  wiih  a 
cylindrical  viscometer  arrangement  at  a  constant  teniiieralurc  of  25°C. 
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I'lXUtv  .V  «)  Flow  curves  fur  ui  ER  fluid  with  squurc-wavc  control  of  various  pulse  widllis, 
b)  Defuiitiun  of  tlic  puliie  width  ratio 

A  comparison  between  the  curves  shows  that  the  highest  shear  stress  value  is  obtained 
tli  the  maxiinum  possible  pulse  width  ratio  w  =  0.5,  for  which  the  width  of  the  pause 
iwtween  the  pulses  is  cero.  With  narrower  pulse  widths,  and  therefore  greater  "pause 
widths,"  the  curves  are  shifted  further  down.  The  flow  curve  corresponding  to  a  pulse 
width  ratio  tv  =  0.  i  lies  only  slightly  higher  than  the  flow  curve  without  field  (/f  =  0). 

2. 3.  {^commendations  for  the  Control  and  Analysis  EquipnicsU 

The  behaviour  of  elccttorlicological  fluids  is  dependent  on  their  particular 
composition  and  on  a  number  of  other  factors  including  the  temperature,  shear  rate  and 
the  amplitude,  frequency  and  wave-form  of  the  applied  field.  Control  of  a  measurement 
process  involving  so  many  variables  is  aided  through  the  use  of  a  computer  (e.g. 
PC/AT).  In  this  case,  not  otdy  should  shear  rate,  shear  stress  and  temperature  be 
predetermined  variables  of  time;  the  field  strength  should  also  be  preprogrammed.  In 
order  to  achieve  this,  the  viscometer,  high-voltage  source  and  temperature  control 
system  should  all  be  controllable. 
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A  study  of  the  electrical  behaviour  of  ER  fluids  requires  that  the  voltage  across  and  the 
current  between  the  electrodes  be  measured.  It  is  ••'•commended  to  incorporate  the 
control  and  analysis  of  these  measurements  into  the  hardware  and  software  of  the 
computer  rather  than  buying  individual  devices.  The  computer  should  be  equipped  with 
U/A  and  A/D  converters  for  recording  the  measurement  values  as  well  as  for  controlling 
the  experiment.  A  sotiv  are  package  which  is  capable  of  performing,  for  example,  Fast- 
Fourier-Transforms  tFFT)  is  recommended  for  signal  analysis. 

2. 4,  Testing  of  Electricai  ER  Fluid  Properties 

The  electrically  equivalent  circuit  for  an  ER  fluid  actuator  is  needed  for 
conceiving  and  dimensioning  an  optimum  high-voltage  source.  In  its  simplest  form,  the 
model  consists  of  an  ohmic  resistor  in  parallel  with  a  capacitor,  as  shown  in  Figure  4. 
Both  elements  are  determined  by  the  electrode  geometry  and  by  the  ER  fluid  properties, 
which  are  non-linearly  dependent  on  the  temperature,  control  field  amplitude,  field 
frequency  and  ER  fluid  shear  rate. 
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Figure  4;  Equivalent  circuit  for  an  ER  fluid  actuator 

The  ER  fluid  parameter  which  is  simplest  to  measure  is  the  conductivity.  For 
measuring,  a  L'C  field  is  applied  to  the  ER  fluid  and  the  current  is  determined  with  tiie 
help  of  a  known  resistance  /^.  The  specific  conductivity  of  the  ER  fluid  can  be 
calculated  from  the  current  and  the  dimensions  of  the  measurement  apparatus. 

The  duration  of  the  measurement  is  important  in  this  test  since  the  conductivity  steadily 
increases  from  the  beginning  of  the  measurement.  At  the  same  time,  the  shear  stress  is 
seen  to  decrease.  Figure  5  shows  an  example  of  the  shear  stress  time  dependence  for 
field  strengths  of  E]  =  1  kV/mm,  =  1.5  kV/mm  and  =  2  kV/mm.  The 
measurements  were  performed  during  a  time  period  of  60  minutes  on  a  cylindrical 
measurement  arrangement  at  a  constant  temperature  of  25°C  and  a  constant  sheai  rate  of 
D  =  100  sec  '. 

A  long-term  test  was  also  performed  with  the  same  ER  fluid  under  the  same 
measurement  conditions  with  an  alternating  control  field.  Sinusoidal  fields  \/ith  a 


350 


1 


frequency  of  /=  50  Hz  were  applied.  In  order  to  permit  a  better  comparison  of  the 
measurement  results  with  those  from  the  DC  voltage  tests,  effective  field  strengths  of 
=  1  kV/mm,  .^nns  “  kV/mm  and  ^nns  =  2  kV/mm  were  chosen.  The  test 
results  are  shown  as  well  in  Figure  5.  A  comparison  of  the  shear  stress-time  curves 
shows  that  shear  stresses  of  similar  amplitude  are  achieved  in  the  first  few  minutes  for 
DC  and  alternating  control  voltages.  In  contrast  to  the  DC  control  voltage  tests,  the 
measurement  curves  from  the  alternating  control  voltage  tests  shows  no  reduction  in  the 
shear  stress. 

This  ER  fluid  behaviour  can  be  explained  by  the  effect  of  electrophoresis.  Under  DC 
field  control,  the  suspended  ER  fluid  particles  migrate  in  the  direction  of  one  of  the 
electrodes  due  to  the  force  of  the  control  field.  Because  of  this,  the  originally  uniform 
dispersion  of  the  particles  changes  within  the  shear  gap.  At  the  one  electrode  there  exists 
an  accumulation  of  particles  and  at  the  opposite  an  impoverished  zone.  This  results  in  an 
ever  reducing  achievable  shear  stress.  These  measurement  results  demonstrate,  with 
respect  to  long-term  stability  in  technical  applications,  that  the  af)plicatioD  of  altcmaflng 
control  fields  without  a  DC  component  is  favourable. 


Figure  5:  Shear  stress-tiiiie  behaviour  of  an  ER  fluid  with  DC  and  AC  control  fields 

Distorted  -  instead  of  sinusoidal  -  current  density  curves  were  observed  tor  sinusoidal 
control  voltages  due  to  the  non-linear  relationship  between  the  ER  fluid  properties  and 
the  control  field  amplitude.  This  is  illustrated  in  Figure  6  with  control  field  strengths  of 


Jir" 


351 


C|p|,  =  0.5  kV/mm,  £2pk  ~  '  kV/mm  and  £^p|,  =  2  kV/min.  The  measurements  were 
made  with  a  cylindrical  viscometer  arrangement  at  a  constant  temperature  of  25'^C  and  a 
constant  shear  rate  o(  D  =  100  sec 


It  is  apparent  that  the  distortion  becoynes  greater  with  increasing  field  amplitudes.  It  is 
also  recognizable  in  the  power  density  spectrum  of  the  measurement  signal  that 
additional  frequency  components  occur  in  uneven  multiples  of  the  basic  frequency  under 
conditions  of  strong  control  fields.  At  the  same  time,  the  phase  shift  between  the  control 
and  tneasured  signals  changes.  With  small  control  voltages,  the  phase  shift  ip  is  nearly 
-90°  and  tends  towards  zero  with  increasitig  field  amplitudes. 


I'ljiurc  6:  Time  behaviour  and  power  density  s|>cctruin  of  the  cuireiU  density  with  a  sinusoidal  l*Rl- 

eontroi  signal  with  u)  -  0-5  kV/min,  h)  1  kV/nuii.  c)  ~  ^  kV/mm 

The  relationship  between  the  active  and  the  reactive  comixrnents  of  the  'IR  lliiid  control 
power  changes  with  a  change  in  the  phase  shift  between  the  control  field  and  the  current 
density.  In  the  example  shown  in  figure  6,  a  phase  shift  of  =  -72°  was  achieved  for  a 
field  strength  of  £]pi^  =  0.5  kV/mm.  This  means  that  the  high-voltage  source  must 
control  a  load  with  a  very  large  capacitive  and  a  small  ohmic  component.  Therefore,  the 
active  power  is  very  low  in  comparison  to  the  reactive  power.  Control  with  a  field 
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strength  of  =  1  kV/mm  results  in  a  phase  shift  oi  tp  —  -56°.  In  this  case,  the 
active  power  is  almost  as  great  as  the  reactive  power.  A  phase  shift  of  =  -27°  was 
measured  when  a  field  strength  of  B^p^.  —  2  kV/mm  was  applied.  That  means  the  load 
has  a  larger  ohmic  comp>onent  than  a  capacitive  one.  The  voltage  source  should 
therefore  mainly  supply  an  active  power. 

The  effectiveness  of  an  ER  fluid  application  as  a  whole  depends  on  the  rheological 
behaviour  of  the  unit  as  well  as  on  the  design  of  the  power  supply  and  controller.  The 
electrical  efficiency  of  the  system  can  be  increased  by  selecting  an  ER  fluid  which  has  a 
low  conductivity  resulting  in  a  low  active  pc-.ver.  It  can  be  further  increased  if  the  power 
supply  is  designed  to  utilize  the  reactive  power  component  in  an  efficient  manner.  Ihis 
energy  recovery  is  one  topic  of  power  supply  development  at  the  Laboratory  for  Process 
Automation. 

In  addition  to  tlic  described  tests,  further  experiments  will  be  performed  at  the 
Laboratory  for  Process  Automation  (LPA)  as,  for  example,  the  determination  of  the 
"small  signal"  behavioui  of  the  ER  fluid  dependent  on  tlie  working  point.  Iri  this  case, 
thi  ER  fluid  will  be  controlled  by  a  DC  field  with  superimposed,  comparably  low- 
amplitude  AC  signals.  The  test  results  lay  the  ground  work  for  a  mathematical  model  of 
the  electrical  behaviour  of  clectrorheologioal  fluids,  which  is  currently  being  developed. 

3.  Rotational  Viscometer  Assembly 

Some  viscometer  producers,  as  a  result  of  steadily  increasing  interest  in 
eloctrorheological  fluids  in  the  past  years,  have  begun  to  offer  units  which  are  built  to 
handle  a  high-voltage  connection.  In  practice,  however,  the  desire  is  often  to  modify  an 
available  rotational  viscometer  for  the  measurement  of  ER  fluids  instead  of  buying  a 
completely  new  unit.  For  this  reason,  the  important  aspects  in  the  assembly  of  an  ER- 
suitable  viscometer  are  briefly  e.xplained  in  the  following,  using  the  viscometer  model 
CV  20  ER  offered  by  tlic  HAAKE  company  as  an  example.  Ilie  resulting  experience 
gathered  at  the  Labrjratory  for  Process  Automation  (LPA)  is  also  illustrated. 

J.  1.  Electrical  Insulation  and  High-  Voltage  Connection 

The  HAAKE  CV  20  is  a  shear-rate-controlled  Couette-viscometer  in  which  the 
lower  cylinder/plate  is  driven  by  a  DC-  motor.  A  tacho-gencrator  is  implemented  for  tlic 
measurement  of  the  rotational  si^eed  and  is  located,  together  with  the  drive  motor,  m  the 
lower  housing.  The  torque  measurement  system  is  installed  in  the  vertically  adjustable 
measurement  system  head.  The  torque  is  determined  by  sensing  the  twisting  in  the 
torsion  element  with  the  help  of  a  differential  transformer  (LVu'i'). 

The  measurement  system  r  nst  be  elecirically  insulated  so  that  a  voltage  potential  can  be 
applied.  The  easiest  way  to  achieve  this  is  to  insulate  the  torsion  element  and  mounting 
clamp  from  the  torque  measurement  system  and  the  housing.  Figure  7  shows  a  cross- 
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sectional  view  of  the  measurement  system  head.  The  plastic  electrical  insulation  is 
shown  with  crosshatching.  The  core  of  the  differential  transformer  is  held  by  an 
electrically  insulating  plastic  arm.  An  insulating  sheet  lies  between  the  differential 
transformer  and  the  circuit  board  containing  tiie  signal  amplifier. 

The  high-voltage  is  connected  to  a  stationary  portion  of  the  torsion  element  via  a  short 
cable  from  the  high-voltage  socket  (not  shown  in  Figure  7)  which  is  fixed  directly  to  the 
measurement  system  head  housing.  The  high-voltage  connecting  cable  should  be  as  short 
as  ixtssible  to  minimize  signal  noise. 


Signal  Amplifier 
Circuit  Uoard 


I'iguri:  V;  C’ro.ss-s*:i;lionul  view  <)t  the  insulehsl  HAAKU  CV  20  iiii.'u.surcinciit  .sy.slein  head 

3.2.  Shielding  against  Alternating  h'iclds 

if  special  shielding  is  not  implemented,  signal  noise  can  appear  in  viscometers 
with  inductive  torque  and  rotational  S[)eed  sensors  when  a  high-iiniplliudc  alternating  lilt 
fluid  control  voltage  is  applied.  This  was  the  case  witli  the  viscometer  used  at  the  LPA. 
Before  shielding  was  implemented,  signal  noise  v.as  present  on  the  output  signal  from 
the  torque  sensor  unit. 
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Figures  8  and  9  illustrate  examples  ol'  noisy  torque  signals.  The  results  shown  in  Figure 
8  were  achieved  by  applying  a  500  Hz  sinusoidal  voltage  with  an  amplitude  of 
V^p  =  4  kV  (Figure  8. a).  The  torque  signal  is  made  up  of  a  DC  component  and  a 
superimposed  sinusoidal  voltage  with  an  amplitude  of  V^,p  =  987.5  mV  (Figure  8.b). 
The  measurement  results  in  Figure  9  were  achieved  using  a  50  Hz  square-wave  signal  to 
the  ER  fluid  with  an  amplitude  of  V^p  =  4  kV  (Figure  9. a).  The  resulting  torque  signal 
contains  distinct  voltage  peaks.  These  peaks  step  up  or  down  coincident  v^ith  the  edges 
of  the  square-wave  signal  and  have  an  amplitude  of  8(X)  mV  (Figure  9.b).  In  each 
measurement  example,  the  noise  component  has  an  amplitude  as  high  as  the 
measurement  signal  itself. 

Figures  8.c  and  9.c  illustrate  the  output  signal  from  tlie  toique  measurement  device  after 
implementing  an  electrically  earthed  housing  shield.  A  disturbance  from  the  ER  fluid 
control  field  is  no  longer  detectable.  One  can  only  notice  a  2.77  kHz  alternating  voltage 
with  an  amplitude  of  V'jp  =  28  mV  superimposed  on  the  DC  measurement  signal.  This 
disturbance  stems  from  tlic  differential  transformer  signal  amplifier. 


I'igure  8; 


u)  Sinusoidal  HR  input  vollagu,  b)  Uiishiuldud  Uuque  signal,  c)  Shielded  lonjiie  signal 


I 


Figure  9;  u)  Square-wave  BR  input  voltage,  b)  Unshieldwl  torque  signal,  c)  Shielded  torque  signal 

The  described  signal  disturbances  result  from  an  electromagnetic  coupling  between  the 
HR  fluid  control  signal  and  the  torque  measurement  device.  This  coupling,  and  therefore 
the  signal  noise,  was  able  to  be  considerably  reduced  through  the  implementation  of 
shielding  plates  in  the  measurement  system  head  housing.  The  desired  result  was 
achieved  with  an  aluminium  housing  constructed  at  the  l.PA,  in  which  an  aluminium 
plate  is  installed  next  to  the  differential  transformer  and  one  beneath  the  amplifier  circuit 
board.  In  this  way,  tlic  high-voltage  connection,  the  transformer  and  the  amplifier  are 
each  loeati-d  in  their  own  chamber.  The  housing  and  the  shielding  plates  arc  elceirically 
connected  and  earthed. 

4.  Prospects 

The  rheological  and  electrical  properties  of  HR  fluid.s  depend  on  a  great  number 
of  factors  with  nonlinear  relationships.  This  means  that  a  comparison  between  different 
types  of  HR  fluids  is  only  possible  when  their  characteristic  values  arc  taken  under  the 
same  measurement  conditions.  At  the  present,  no  standardized  specifications  for  the 
determination  of  HR  fluid  characteristic  values  exist.  Hor  this  reason,  the  characteristic 
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Here  the  actuator  system  comprises  not  only  the  damper  but  the  whole  control  circuit 
consisting  of  the  damper,  the  high  voltage  source  and  the  controller.  If  the  individual 
components  art  not  co-ordinated,  the  results  will  be  unsatisfactory.  This  might  be  the 
case  if  the  output  of  the  amplifier  is  not  adjusted  to  the  ER  absorber  or  if  the  wave  form 
and  the  frequency  of  the  control  signal  are  not  adjusted  to  the  ER  fluid  used. 

Data  about  the  frequency  behaviour,  square-wave  response  and  electrical  modeling  of  an 
ER  fluid  were  not  available  in  the  data  sheets  provided  by  the  producers  of  ER  fluids, 
f'or  this  reason,  producers  and  users  of  ER  fluids  should  concentrate  on  the 
establishment  of  objective  measurement  methods  and  processes  for  characterising  ER 
fluids.  Those  involved  should  agree  to  put  together  a  catalogue  of  essential  parameters 
and  to  define  the  conditions  for  their  r.ieasurcmcnt. 
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ABSTRACT 

Tlic  rheological  behaviour  ordcclioilicolonical  (I-R)  Iluids  iiiidcr  slcady  shorn  Ilow 
can  bo  charaolcri/cd  by  a  dynamic  yield  stress  and  a  a|)paicni  viscosity 
Measurements  at  smail  shear  strains  eshibit  another  limiting  stress  delinud  us  a  static 
yield  stress  Wc  have  studied  HR  riiiids  based  on  a  iiii.xture  orcclliiluse  and  tiiinctul 
oil.  1'hc  vuriatiuns  of  static  and  dynamic  yield  stresses  have  been  investigated  as  a 
function  of  D.C.  electric  iicid  H  and  volnmc  fraction  i|i  of  cullulosc.  Static  yield  stress 
dcpctids  tiot  ottly  ott  electric  Held  E  attd  volume  fruction  ({>  but  also  on  a  time  h:  of 
iipplictilioti  of  the  electric  ticid  prior  to  the  shear.  1'hc  time  tc  currcs|X>nds  to  an 
eicctrtcul  coiiditiotiitig  of  the  sttsitetision,  itcccssnty  to  obtain  leprodticible 
measurements;  wc  present  results  which  lead  to  csliinates  for  u  time  t^  I-'inally.  we 
compurc  the  yield  stresses  ttieasurcd  with  the  i|ualiiittivu  laws  of  inturaciiun  force 
betwecti  patticiiles  as  given  by  a  cuiidiictiuii  model  and  note  a  ipialilative  relation 
between  stnicluration  of  the  inediuin  and  current  llowitig  Ihroiigh  it 


1.  Illti'oductioil 

One  ofllic  basic  pi  'crtics  ofER  fluids  is  tlie  appearance  of  slrcngt  'vhen  tliey  arc 
subjected  to  an  electric  field.  This  stiength  is  usually  ciiuruierized  by  static  (no  ilow)  and 
dynamic  yield  stresses'.  Experimental  studies  have  first  focused  on  the  measurement  of 
the  dynamic  yield  stress  Tqj  as  a  function  of  the  shear  rate  y  and  of  the  volume  fraction 
tj)  More  recently  a  detailed  study  pointed  out  the  impuiiance  of  the  shear  rate  on  the 
determination  of  the  static  yield  stress  The  measurements  generally  mention  that 
yield  .stress  exhibits  a  i|uadratic  dependence  on  the  applied  electric  field  Only  recently, 
Sprecher  et  al  pointed  out  a  more  complex  phenomenon;  they  found  that  the  increase  of 
sheai  stress  as  a  function  of  E  departs  from  the  ijuadratic  law  at  high  enough  applied 
fields^. 

In  order  to  model  the  ER  elTcct,  the  authors  generally  agree  to  consider  that  the 
electrically  induced  attraction  force  between  particles  arises  from  the  electric  polarization 
of  the  media,  as  icllected  by  the  permittivities^-'^  Attempts  at  estimating  the  values  of  toj 
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however  reveal  iluit  tills  cxplanntioii  of  the  particle-particle  interaction  does  not  account 
for  the  observed  yield  stresses'"  One  possible  reason  for  this  disagreement  is  that  the 
postulated  basic  incchanism  is  not  tlie  true  one  at  least  at  D  C  conditions.  Indeed  a  recent 
conduction  model  conlirnied  by  large  scale  experiments  for  D  C.  fields  provides  a  new 
way  of  explaining  the  particle-particle  interaction  and  for  estimating  the  attraction  force 
between  them"  This  explanation  is  based  on  the  fact  that  the  electric  field  distribution  is 
controlled  by  the  conduction  properties  of  both  components  at  times  clearly  greater  than 
the  charge  relaxation  times  of  both  media  Moreover  the  attraction  force  was  found  to 
vaiy  proportionally  to  li  for  high  enough  fields''^. 

The  confirmation  of  this  new  approach  on  large  scale  spheres  encourages  us  to 
investigate  the  behaviour  of  ER  fluids  with  particles  of  much  smaller  diameter.  One  aim  of 
the  present  work  is  to  examine  closely  the  field  dependence  of  the  yield  stresses  in  D  C 
conditions  Another  point  we  address  is  to  examine  the  current  flowing  through  the  fluid 
and  to  look  at  a  possible  correlation  with  its  structuration.  Prior  to  presenting  results 
concerning  these  two  points,  we  recall  the  definition  of  yield  stresses  in  ER  fluids  and 
describe  the  experimental  procedure. 

2.  Expcriiiiciital 

I  Ih’fiiiilion  o/yiL’lJ  xtn'.s.sL'S 

Wc  retain  here  the  definition  of  yield  stresses  in  ER  fluids  as  given  by  Conrad  et  al,'‘\ 
I'fom  a  cuive  representing  the  shear  stress  as  a  function  of  the  shear  strain,  for  very  low 
shear  rate,  the  static  (or  quasi-static)  yield  stress  Xus 's  highest  value  reached  by  shear 
stress  (I'ig.  1-a).  The  dynamic  yield  stress  corresponds  to  the  threshold  of  a  Bingham 
model.  It  is  obtained  by  approximating  the  variations  of  shear  stress  as  a  function  of  shear 
rate  y  by  a  linear  relation  :  is  the  value  extrapolated  at  Y“0  (Fig.  1-b). 

2.2  I'.xpcnmeiHal  set-up 

Wc  used  a  modified  Couette  rheometer  with  a  special  arrangeincnt  using  a  pin- 
mercury  contact.  3  his  apparatus  (Mettler  1  l.S  A)  is  a  controlled-rate  rheometer.  The  shear 
rate  could  be  varied  from  0  1  to  l.OOU  s"  I'hc  test  cell  consisted  of  two  concentric 
cylinders  with  giq)  1  mir  mean  radius  13  mm  and  height  37.5  mm.  The  inner  cylinder  is 
electrically  insulated  up  to  5  kV  and  the  outer  cylinder  is  grounded. 

The  D  C.  high  voltage  was  imposed  from  a  5  kV  I IV  power  supply  (Mcsco)  and  the 
current  was  monitored  using  a  resistor  (50  ki2)  and  a  X(t)  recorder. 

The  ER  fluid  used  is  a  mixture  of  cellulose  microcrystallinc  powder  (typical  size  =  30 
pm,  water  content  =^0%)  and  a  mineral  oil  (TF  50  Elf)  of  charactci  islics  :  electrical 
conductivity  rr  =  lO"^  S/m,  relative  permittivity  tj  =  2.2,  dynamic  viscosity  ly  =  35  cP 
(T=23°C).  Cellulose  powder  is  disper.sed  in  oil  by  strongly  mixing  during  approximately 
ten  minutes  before  beginning  experiments,  fhe  volume  fraction  of  cellulose  ranged  from 
10%  to  30%. 
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(a) 


(b) 


Pig.  1.  Schematic  curve!!  dermiug  yield  stresses  iii  Elt  Iluids.  (a)  static  yield  stress  tos  .  dotted  curve 
exhibits  a  "yield  point"  and  solid  curve  indicates  a  smooth  variation,  (b)  dynamic  yield  stress  tog  ;  dotted 
curves  show  some  typical  (low  situations. 

2.3  Experimental  procedure 

An  electrical  conditioning  of  the  cell  and  the  ER  fluid  (for  a  freshly  preparated 
suspension)  is  required  in  order  to  obtain  reproducible  measurements.  Fig.  2  illustrates  the 
typical  behaviour  of  the  fluid  when  starting  immediately  the  measurements.  It  shows  the 
values  of  static  yield  stress  (for  a  detailed  description  sec  §  3)  as  a  function  of  the  used 
sheai  rate  which  was  varied  from  0  1  to  1  s  '.  Reproducibility  of  the  results  apparently 
occurs  only  after  a  full  cycle.  In  fact  the  crucial  paraiHvler  is  the  time  t,;  of  application  of 
the  electric  field  (at  least  5  to  10  minutes  in  the  present  ease). 

The  raison  for  this  "conditioning"  eftcct  presumably  is  an  evolution  of  the  electric 
conduction  of  the  £R  fluid  In  dielectric  liquids  it  has  long  been  obsei~ved  that  the  D.C. 
current  drastically  depends  on  minute  traces  of  electrolytic  impurities.  It  generally 
decreases  with  complex  kinetics  and  usually  several  characteristic  times  can  be 
identified''*  The  pure  liquid  used  to  elaborate  our  test  fluid  (mineral  oil)  exhibits  such  a 
behaviour  (Fig.  3).  Of  couise  in  die  ER  fluid,  various  electrochemical  processes  occur  and 
the  whole  thermodynamic  equilibrium  is  altered  by  application  of  D.C.  field  and  passage 
of  current.  The  practical  consequence  of  these  intricate  phenomena  is  lhai  a  minimum 
delay  of  about  five  minutes  must  be  ob.served  between  the  first  application  of  the  field  and 
the  beginning  of  the  rheological  measurements. 

3.  Static  yield  stress 

In  order  to  investigate  the  influence  of  applied  electric  field  E  and  of  volume  fri"'.tion  tj) 
of  particles  on  the  static  yield  stress  it  is  necessary  to  first  measure  the  shear  stress  against 


361 


Shear  rate  (I /s) 


Fit;.  2.  Dshilviour  of  tin  freshly  prcptiraicti  UK  fluid  (cellulose  in  mineral  oil)  when  suirliiig  iiiiiiiciliiilely 
the  static  yield  stiess  incasureiiiciits  (each  iiieasurcincnt  lasts  one  niiiiulc).  The  cuiidilioniiig  time  1^ 
required  for  rcprodticible  results  is  abuiit  live  iiiiiuitcs. 


U.l  i  lU  lUO  lOOU 

Time  (s) 


Fig.  1.  Ciirreiil  response  lo  a  t  kV  step  voltage  in  a  mineral  oil  'l  l’  .‘io  lilf.  die  decrease  of  current  revels 
several  characierisiic  times  (sliorl-liiiic  ==■  1  second,  long-liiiic  ■■=  .f  iiiinmcs  .  ) 
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time.  We  worked  according  to  the  following  procedure  :  a  constant  electric  field  Li  is 
applied  and,  alLer  a  delay  of  10  to  1 5  s,  a  shear  of  constant  rate  (y  >  0  1  s')  is  imposed 
(the  shear  strain  y  is  proportional  to  time).  Fig  4  exhibits  two  typical  responses  :  on  Fig. 
4-a,  a  yield  point-type  behaviour  is  visible  which  defines  whereas  on  Fig.  4-b  the 
variation  is  much  smoother.  Fig  5  presents  the  variation  of  the  static  yield  stress  Tgj  as  a 
function  of  shear  rate  for  dilTerent  values  of  applied  field  C  and  of  volume  fraction  tj).  We 
observe  firstly  that  for  high  applied  field,  to  good  approximation,  does  not  depend  on 
Y  between  0  1  to  1  s''.  At  lower  field  values  the  yield  stress  begins  to  decrease  above  the 
shear  rate,  the  value  of  which  is  smaller  when  the  field  is  smaller.  This  decrease  appears  to 
be  slightly  muie  marked  when  the  volume  fraction  is  increased  (Fig  S). 

The  results  of  Fig  suggest  that,  for  our  particular  FR  fluid,  there  are  rather  well 
defined  saturation  \  alues  for  at  low  shear  rates  (<l  s''),  especially  for  high  applied 
fields  (E>2  kV/mm).  A  dilficult  que.stion  arises  as  to  whether  or  not  the  constant  value 
can  be  extrapolated  to  low  shear  rates.  From  Fig.  5,  the  measured  could  be  expected 
to  give  the  value  at  zero  shear  stress  1  lovvever,  Conrad  et  al  '*  did  not  obtain  such  well 
defined  plateau  values  and  even  found  a  significant  increase  of  for  y  decreasing  below 
10''  s''.  As  the  latier  work  is  the  only  one  wich  investigated  this  t|ueslion,  the  prtiblain 
remains  openfnole  that  our  rheoineier  does  not  allow  to  operate  at  shear  rates  y<10''  s''). 

Taking  for  granted  that  the  static  yield  stress  loj determined  is  a  significant 
variable  characteriiting  the  behaviour  of  HR  Iluids,  we  ean  correlele  it  with  other 
parameters.  Fig.  h  shows  that  ry,  increases  as  the  function  of  the  volume  fraction.  It  is 
dilficult  to  extract  a  defniite  law  from  the  few  jtoints  plotted  on  Fig.  0.  Lei  us  remark  '.hat 
these  results  appear  to  be  consistent  with  previous  measurements'  '  '^ 

The  correlation  with  the  applied  field  L  is  more  imeristing.  F'roni  Fig.  7  there  appear 
two  well  define  regimes  .  for  L--'  I  kV/min,  t„s  exhibits  the  elassictil  t|uadralic  dependence 
on  F.  at  high  field  values  (F>  1  5  kV/mm)  conversely  the  dependence  lends  to  be  linear,  a 
feature  already  pointed  out  by  Sprecher  el  al  ^  If  we  a,s,sunie,  as  was  done  usually  in  the 
case  of  quadratic  law,  that  the  macroscopic  propeities  depending  mainly  of  the  particle- 
particle  interaction  have  the  same  variation  laws  as  the  particular  attraction  force  between 
particles,  we  deduce  from  the  yield  stress  measurements  that  this  attraction  force  should 
vary  linearly  on  F  for  F>  I  ..*!  kV/mm  This  is  consistent  with  a  prediction  of  a  conduction 
model  for  sphere-sphere  interaction  in  1)  f  fields  One  necessary  condition  oi  the  model 
is  clearly  fulfilled  here  the  solid  phase  which  consists  of  panicles  of  microciyslalline 
cellulose  containing  about  0  %  of  water  has  a  conductivity  which  is  orders  of  magnitude 
higher  than  the  carrying  liquid;  a  clear  indication  is  obtained  when  comparing,  for  the 
same  cell  and  apjrlied  voltage  (U  .1  kV),  the  current  llowing  In  the  pure  liqtiitl  (  0  1  ji.A, 
Fig  .1)  with  that  in  the  liR  lliiid  (  =  2  “i  pA,  Fig  1 1) 

4,  Dyiiainic  yield  stress 

Most  olfen  the  shear  stress  x  measured  at  decreasing  shear  rate  y  is  lower  than  that 
measured  at  increasing  shear  rale  I'his  hysterc.sis  explains  why  theie  are  two  yield  stresses. 
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I'lH-  4  Viiii.iiiim  of  ilii;  sliciir  btres!,  *  .is  .1  ruiKliuii  ol  Him;  at  a  slio.it  lalc  old  15  .s  '  (i|)  -  H  1)  Llctuic 
I'lcltl  K  is  applied  prior  to  slicariiig  -}  Tlie  i,;a,Miinim  valiio  of  slicar  siross  ildiiios  llic  sialic  yield  stress  tob 
l:i)  tZ  =  4  kV/iiiiii.  ll))  L-.  =  f  ■■V/'iiini 


Yield  stresses  (Pa)  Yield  stress  (Pa)  Yield  stresses  (Pa) 


I  ig  5  Dcp.,  ncc  ol  llic  sUiuc  yield  slress  on  the  slicar  rale  iii  tlic  hR  llurcl  (cellulose  iii  [iiineial  oil) 
lor  tanoiii,  v;-  ucs  of  eieciric  Held  E  .  (a)  (J)  =  IM  .  (b)  (J)  ^  0.2.  (c)  =  0.  V 


365 


I 


1  10  100 

Volume  fraction  {%) 

I'ig.  0.  ElTcct  of  tl  c  cellulose  volume  fraelion  if  on  U>c  siatic  yield  slrcss  Tqs  <is  a  fuiicdoii  of  electric  Held  E. 


Electric  field  (kV/mm) 


Fig.  7.  Dependence  of  the  static  yield  stress  los  u"  electric  field  E  for  various  values  of  volume  fraction  iji. 
Tile  curves  show  a  quadratic  dependence  on  E  at  low  fields  and  a  linear  dependence  at  high  ficlos. 
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Shear  rate  (1/s) 

Fig.  8  Varialion  of  the  slicar  stress  t  us  a  function  of  decreasing  slietir  rate  y  under  shear  rate-control 
mode  td7/dt  =  5  s"^)  for  various  values  of  cicciric  field  E. 

dynamic  and  static  Fig.  8  shows  the  variation  of  t  as  a  function  of  y.  measured  at 
decreasing  y.  The  curves  obtained  are  far  front  being  straight  lines  and  the  determination 
ofXoj  ,  as  defined  in  §  2.1,  is  not  straightforward.  The  results  presented  in  Figs  9  and  10 
have  been  obtained  in  the  following  way  the  shear  rate  is  varied  by  regular  steps  and 
maintained  constant  during  5  seconds  There  are  first  20  levels  for  y  which  passes  from  0 
to  500  s"'  followed  by  20  levels  for  the  decrease  of  y  (see  the  time  variation  of  y  in  Fig 
1 1).  The  shear  stress  x  is  measured  at  the  end  of  each  step  just  before  the  next  jump  of  y 
The  Bingham  model  has  been  applied  to  the  stress  values  corresponding  to  y  ranging  from 
20  s''  to  200  s"'  and  x„j  is  the  intersection  ofthe  straight  line  with  the  x  axis  The  dyntimic 
yield  stresses  thus  obtained  are  lower  than  the  sialic  yield  stresses  by  a  factor  of  1  5  to  2.5 
(see  Fig.  5).  The  dependence  of  Xqj  on  the  volume  fraction  il)  (I  ig  9)  is  very  similar  to 
that  found  for  x^j  (see  Fig  6).  The  variations  of  x„j  as  a  fjnciion  of  the  applied  field  E 
(Fig.  10)  exhibits  the  two  regimes  -  quadratic  and  linear  -  already  obtained  for  the  static 
yield  stress  (see  Fig.  7)  As  a  conclusion,  the  results  on  dynamic  yield  stress  confirm  the 
obseiwaiions  on  static  yield  stress. 

5.  Current  measurements 

The  conduction  model  proposed  recently  for  explaining  ihe  ER  elfect'"  establishes 
that,  in  D.C.  conditions,  tliis  effect  can  occur  only  when  thi  conductivity  of  the  solid 
particles  is  greater  than  that  ofthe  liquid.  In  the  Iluid  we  used,  'he  .solid  phase  consists  in 
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Volume  fraction  (%) 

ri)j.  ').  ElVccl  of  the  volume  fraclioii  of  the  cellulose  on  the  dynamic  yield  stress  tod  as  a  function  of 
electric  field  E. 


Electric  field  (kV/mm) 


Fig.  10  Variation  of  the  dynamic  yield  stress  i.xi  as  a  function  of  electric  licld  E  for  dilfcrciu  values  of 
volume  fraction  if  tod  (6)  e.xlnbits  the  two  regimes  -(|uadiatic  and  linear-  obtained  for  a  sialic  yield  stress 
(see  Fig.  7). 


.vi"* 


369 


0  100  200  Time  (5) 


Fig.  1 1 .  Dependence  of  the  current  flowing  through  the  ER  fluid  on  the  shear  rate  y  ,  at  volume  fraction 
0.25  and  tein|>ctaturc  27“C,  with  increasing  electric  field  :  (a)  E  =  0.5  kV/m.n,  (b)  E  =  I  kV/nini,  (c)  E” 
1.5  kV/nnn,  (d)  E  =  2  kV/inm.  (c)  E=  3  kV/min. 

cellulose  containing  about  6  %  of  water,  its  conductivity  is  several  orders  of  magnitude 
liigher  than  that  of  the  mineral  oil.  As  concerns  the  conductivity  of  the  £R  fluid  itself,  we 
can  give  the  following  naive  picture  :  when  the  particle.s  are  randomly  dispersed,  the 
apparent  conductivity  is  controlled  by  the  liquid  pltase  and  should  remain  low,  if  we 
assume  a  structuration  of  the  particles  in  fibers  bridging  the  two  electrodes,  the  current 
flows  mainly  through  the  fibers  and  the  apparent  conductivity  is  substantially  enhanced. 

This  picture  allows  to  explain  qualitativiiy  the  variations  of  the  current  flowing  through 
the  ER  fluid  as  a  function  ot  time  during  a  cycle  :  y  passes  from  0  to  500s  '  and  than  to  0 
(Fig.  1 1)  For  low  applied  D.C.  field  (E  ^  I  kV/mm)  there  is  a  marked  difference  (ratio 
>2)  for  the  current  between  low  and  high  shear  rates,  the  transition  is  at  y  -  100  s  '  for 
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E=0.5  kV/nim  (Fig.  1 1-a)  and  at  y~  200  s  '  tor  E=1  kV/min  (Fig.  1 1-b)  For  higher  fields, 
the  variation  becomes  lower  and  lower  as  E  is  increased  (Fig  1  l-c.d,c).  The  structure  in 
the  fluid  depends  on  the  competition  between  hydrodynamic  and  electric  forces’^.  At  low 
enough  fields,  the  attraction  force  between  particles  is  moderate  and  the  elcctroviscous 
time  tj,v=Ti/eE^  characterizing  the  dynamics  of  particle-particle  interaction  takes  rather 
high  values,  in  these  conditions,  we  can  expect  the  hydrodynamic  forces  to  be  dominant 
and  the  "fibers"  presumably  to  have  a  short  "niean  length";  in  this  rather  dispersed  state 
the  current  takes  low  values.  At  high  applied  fields,  it  is  the  converse,  t^^,  takes  low  values, 
the  attraction  force  is  stronger  and  the  electric  eflfects  become  dominant;  we  can  expect  a 
well  characterized  structuration,  the  fibers  existing  during  a  high  fraction  of  the  time.  In 
this  case  the  current  flowing  through  the  fibers  should  be  only  slightly  altered 

6.  Conclusion 

The  main  result  obtained  in  this  study  of  the  particular  ER  fluid  (moist  cellulose  in 
mineral  oil)  :s  the  occurrence  of  two  regimes  of  variation  of  the  yield  stresses  as  a  function 
of  the  applied  field  E  The  quadratic  law  for  low  field  values  and  the  linear  one  for  high 
fields  are  very  similar  to  those  characterizing  the  attraction  between  two  large  spheres 
immersed  in  mineral  oil.  The  transition  fields  E(  between  both  regimes  take  values  which 
are  not  drastically  diflerent;  Et  =  0. 1  to  0  4  kV/min  for  large  spheres  depending  on  the 
ratio  of  solid  and  liquid  conductivities,  Ei  =  0.8  kV/mm  in  our  case  (From  Fig.  7), 

The  second  significant  result  to  point  out  i.s  the  correlation  between  tire  current 
flowing  through  the  ER  fltiid  and  the  structuration  of  the  medium.  The  measurements 
clearly  show  that  the  current  passes  preferentially  through  the  "fibers".  This  fact 
underlines  that  the  conductance  of  the  solid  particles  cannot  be  neglected. 

This  i-rcliminary  study  .strciiglv  suppons  the  concept  of  conduction  properties  of  both 
phases  playing  the  major  role  in  the  ER  cflcct  under  D  C.  conditions.  The  conduction 
model  te.sied  on  large  scale  spheres  qualitatively  accounts  for  the  yield  .stresses 
dependence  on  E  and  work  both  experimental  and  theoretical  has  to  be  pursued  in  order 
to  obtain  more  quantitative  tests. 

Acknowiedgeinciits 

This  work  was  performed  witli  the  joint  financial  support  of  the  Universite  Joseph 
Fourier  de  Grenoble,  the  Centre  National  de  b  Recherche  Scientifique  and  the  compagny 
Elf-Aquitaine  (under  contract  CNRS/SNEA  No  iO  8016).  The  authors  are  grateful  to  the 
compagny  Eil'-Aiochem  for  providing  samples  of  dielectric  liquids  and  solid  particles 

References 

1.  R.  T.  Bonnecaze  and  J.  F.  Brady.  J.  Rheol.,  36,73  (1992) 

2.  L.  Marshall  and  C.  F  Zukoski,  J  Chem.  Soc.  Faraday  Trans.  1,  85,  2785  (1989). 

3.  \ .  Otsubo,  M.  Sekine  and  ,S.  Katayaina.  J.  Rlieol.,  36.  479  (1992). 


•if** 


371 


4.  H.  Conrad,  Y.  Chen  and  A  F.  Sprecher,  in  Proc.  3rd  Ini.  Conf.  on  ER  Fluids,  R.  lao 
ed.  (World  Scientific,  Singapore,  1992)  p.  195. 

5.  D.  L.  Klass  and  T.  W.  Martinek,  J  Appl.  Phys.,38,  67  (1967). 

6  H.  Uejima.  Jpn  J.  Appl.  Phys  ,  II,  319  (1972). 

7.  A.  F.  Sprecher,  J.  D.  Carlson  and  H.  Conrad.  Mat.  Sci.  Engr..  95.  187  (1987). 

8  D.  J.  Klingenberg,  F.  V.  Swol  and  C.  F.  Zukoski,  J  Chem.  Phys..  91.  7888  (1989). 

9  A.  P.  Cast  and  C  I'  Zukoski,  Adv  Colloid  Int  Sci  .  30,153  (1989). 

10.  T.  C.  Halsey,  Science,  258,  761  (1992) 

11  N  Felici,  J.  N.  Foulc  and  P.  Attcn,  in  this  volume. 

12.  J.  N.  Foulc,  P.  Atten  and  N.  Felici,  submitted  to  J.  Electrostatics  (1993) 

13.  H.  Conrad  and  A.  F.  Sprecher,  J.  Stat.  Phys  ,  64,  1073  (1991) 

14  .A.  Denat,  B.  Gosse  and  J.  P  Gosse,  J  Electrostatics,  12,197  (1982). 

15  T.  Garino,  D.  Adolf  and  B.  Hance,  in  Proc.  3rd  Int.  Conf  on  ER  Fluids,  R  Tao  ed 
(World  Sqientilic,  Singapore,  1992)  p.  167 

16.  J.  N  Foulc,  P.  Atten  and  N.  Felici,  C.  R  Acad.  Sci  Paris,  317,  5  (1993) 

17  D  J  Klingenberg,  0  Dierking  and  C  F  Zukoski,  J  Chc'in  Soc  Faraday  Trans  ,  87, 

425  (1991) 


372 


THE  EFFECT  OF  SOLID  FRACTION  CONCENTRATION  ON  THE  TIME 
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ABSTRACT 

Sonic  aspects  of  clcciro-slrcss  and  clcctroii-hydraulic  lime  delay  in  an  clcclro- 
rhcological  fluid  arc  cxainincd  for  their  dc|x:ndcncc  on  the  volume  fraction  of  solid  in 
the  mixture.  Early  results  show  that  the  dcrisity  matching  of  the  solid  and  liquid  phases 
of  an  ERF  brings  little  improvement  in  the  serviceability  of  a  suspension.  Subsequent 
testing  is  based  on  non  density  matched  mixtures  which  arc  examined  over  a  range  of  0 
i  shear  rate  S  I’iOOOs"^  15  <  temperature  ’C  S  50  and  20  S  %  volume  fraction  of 
solid  <,  40%  I'hc  effect  of  prolonged  operation  on  the  durability  of  the  fluid  is  also 
reported.  The  results  arc  used  to  provide  pointers  towards  fluid  selection,  a  control 
strategy  and  to  help  In  the  determinatioti  of  operating  parameters  in  order  to  optimise 
clutch  performance.  Testing  look  place  on  a  concentric  clutch  (Coueitc)  type  apptiralus 
which  had  an  electrode  separation  of  0.5  mm. 


I.  Introduction 

To  date  the  analysis  of  iiin  up  to  speed  time  +  t*,^)  for  an  ER  clutch  has 

bee.-,  based  on  the  as.suinptions  that  the  electron-incchanical  lime  delay  (t*m)  is  relatively 
short,  tliat  the  efihet  of  any  driving  torque  created  within  that  duration  has  an  insignificant 
eflect  on  the  prediction  of  driven  rotor  speed  versus  time,  tliat  parasitic  stresses  are  small 
and  that  the  elei  'ro-torqiie  Tg  is  reasonably  uniform  during  the  subsequent  (constant  rate 
of)  acceleration  fim  duration  of  can  then  be  uelermined  from  Tg  =  1  a.  However, 
the  requirement  fo.  mot  substantial  fluid  electro-stress  Xg  and  the  quest  for  rotational 
stability  of  the  .^R  mixtuie  under  centrifugal  loading  has  fuelled  an  investigation  into  the 
effects  of  volume  i  oncentration  of  solid  on  these  precepts  and  its  density  matciiing  There 


373 


exists  also  a  need  to  investigate  the  properties  of  high  concentration  (%C)  fluid  at  high 
shear  rates  (^). 


In  the  present  paper,  following  brief  tests  to  determine  the  effect  of  matching  the 
density  of  solid  and  liquid  phases,  the  effect  cf  varying  solid  concentration  is  examined  in 
shear,  for  its  effect  on  the  form  of  ERF  response.  Both  the  time  reb,ionse  and  short  term 
'steady  state'  are  monitored  for  a  wide  range  of  shear  rates,  fluid  temperatures  (G)  and 
step  input  electric  field  strengths  (E).  At  the  same  time,  the  opportunity  is  taken  to 
monitor  the  effects  of  %C  on  the  near  static  yield  stress  as  an  indication  of  the  hysterctic 
performance  of  the  fluid  and  also  to  throw  light  on  which  parameter  to  use  for  the  control 
of  torque  in  a  device  -  voltage  or  current  i,  temperature,  voltage  step  magnitude  V  and 
shear  rate  are  important  interrelated  parameters. 


For  simplicity  and  ease  of  analysis  the  concentric  clutch  device  was  selected  as  the 
test  instnjment.  Details  of  this  and  its  supply  and  instrumentation  systems  are  given 
elsewhere'.  Essentially  the  apparatus  is  as  shown  in  Figs  1. 


A  i-iifmh«‘r  ( lit  1  n  1  f'sn  StJfol) 

U  F.nihtiuj  .incl  TIk* r irocoup I c  Slip 

('  Output  Hcipbur  (Glass  Ucintorced  Nylon) 

|)  iiolllng  Dear  Wigs 

K  tilyti  Volt-cagc  Electrode  (Stainless  Steel) 

K  llltjlt  Voltage  Slip-Ring 

G  -  I'iloc:  t  r  o -Riteo  1  oq  ica  I  Fluid 
11  -  V  1 1  on  Lip  Seals 
J  -  Ny  1  nil  I  iir.e  r  I 
XYZ  -  'Diet  aoet)uplc  Positions 


Figure  la 


Cross  section  of  test  ER  clutch. 
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Figure  lb  Scbeiiiiitic  layuiil  oC (he  cxpciiiiiciilai  apparatus. 


The  moans  of  torque  measurement  used  involves  numerical  work  using  the  transfei- 
function  of  a  relatively  low  natural  frequency  torque  transducer  system  and  the  leading 
from  this  transducer,  in  order  to  estimate  the  absolute  time  response  of  the  electro-torque 
to  a  step  switch  on  of  voltage/clectric  field  strength.  The  assumption  that  the  performance 
on  switch  off  is  similar  to  that  of  switch  on  is  substantiated  in^.  It  is  to  be  noted  that  the 
transformed  event,  though  fast,  may  include  some  elfect  of  (be  slowed  by)  the  response 
characteristics  of  the  rest  of  the  connected  test  rig. 

All  time  domain  tests  arc  carried  out  in  the  same  fashion.  The  clutch  input  rotor  is 
run  at  a  steady  speed  and  the  torque  is  measured  on  the  stationary  output  rotor,  results 
gathering  being  triggered  by  tlie  ongoing  step  voltage  The  electro-torque  is  tl'c  difference 
between  tlie  zero  volts  and  volts  on  torque  This  and  other  parameters  are  defined  in  Tigs. 
2a.  and  2b.  In  most  tests  the  fluid  temperature  is  nominally  30°C  In  the  centrifuging 
tests,  between  monitoring  events  the  clutch  rotors  arc  locked  together  for  prolonged 
periods  of  high  speed  miming 

In  previous  tests-^  the  polarity  of  the  excitation  has  been  seen  not  to  be  an 
important  factor  in  respect  of  any  change  of  fluid  behaviour  under  its  endurance  of  electric 
field  and  rotation.  The  inner  rotor  is  therefore  always  at  -ve  TIT  with  tlie  outer  rotor 
earthed.  Some  verification  of  the  test  procedure  is  provided  by  the  closeness  of  the  low 
shear  rate  steady  state  tost  results  to  the  fluid  manufacturers  calibrations.  With  the 
confirmation  of  a  near  continuum  approach  to  the  design  of  a  clutch  for  one  fluid^,  the 
suitability  of  different  fluids  for  clutch  application  comes  into  focus 
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2.  Ttst  Results  and  Coininciits 

2. 1  Separation  and  Density  Matching; 

Torque  is  transmitted  by  an  ER  clutch  principally  due  to  the  excess  stress  brought 
about  by  the  application  of  an  electrical  field  across  an  ER  fluid  Clearly,  for  consistent 
operation  of  the  clutch  the  composition  of  the  fluid,  particularly  within  the  active  region 
between  the  electrodes  must  not  be  excessively  affected  by  the  operating  conditions 
experienced  by  the  clutch.  Previous  work^,  in  which  a  non-density  matclted  fluid  was 
used,  had  indicated  that  the  concentration  of  particles  within  the  fluid  was  influenced  by 
the  running  conditions  to  which  the  clutch  was  subjected.  Some  particles  were 
centrifuged  out  into  regions  of  high  centripetal  acceleration,  electric  field  gradient  and  low 
shear  rate  (into  recesses  located  near  the  shoulders  of  the  inner  rotor)  thus  leading  to  a 
change  of  concentration  of  active  particles  within  the  fluid 

In  an  attempt  to  overcome  this  problem,  the  production  of  a  'density  malched  fluid' 
was  commissioned.  I'hc  base  fluid  used  to  carry  the  .suspension  of  particles  is  a  mixture  of 
two  dielectric  liquids  of  differing  specific  gravity  (silicone  oil  and  Eluorolube),  of  net 
density  roughly  equal  to  die  density  of  the  suspended  active  particles  at  30"C.  The 
dispersed  phase  was  lithium  polymcthaciylatc  containing  12.5%  free  water  and  particle 
size  1  to  5  pm. 

The  test  procedure  was  the  same  as  that  reported  in  detail  in-^  However,  the 
standard  step  tost  was  modified,  'flic  applied  voltage  for  the  standard  step  tests  (see  fig. 
2a.)  is  normally  lOOOv.  'fhis  gave  an  initial  value  of  ER  torque  (T^)  of  0  38  Nm  for  the 
unmatched  fluid  used  in  the  previous  test  programme  which  also  set  h  at  0,5  mm,  whereas, 
for  the  density  matched  fluid,  the  equivalent  value  of  ER  torque  when  exited  at  lOOOv  was 
0  10  Nm.  It  was  thus  decided  to  use  an  excitation  voltage  of  150()v  for  the  density 
matched  fluid  so  as  to  give  an  ER  torque  value  closer  to  that  obtained  previously  This 
gave  an  initial  average  value  of  ER  torque  of  0.23  Nm.  In  order  to  be  able  to  compare  the 
performance  of  the  two  fluids,  the  subscc|uent  values  of  torque  aflci  centrifuging  wete 
normalised  with  respect  to  their  initial  values  Note  that  the  initial  value  of  zero  volts 
torque  I  qi'  for  the  unmatched  fluid  was  0.67  Nm  whereas  the  value  for  the  density 
matched  fluid  was  0.40  Nm,  I  he  volume  fraction  of  the  dispersed  phase  was  30%  for 
both  fluids. 

I'ig  3  shows  the  normalised  value.s  o<'T„  derived  from  the  standard  step  tests  for 
both  the  density  matched  fluid  and  the  unmatched  fluid  taken  at  intermittent  stages 
throughout  the  centrifuging  period.  For  both  fluids  the  level  of  ER  torque  increased 
during  the  first  60  minutes  of  accumulated  centrifuge  time  The  transformed  value  i*m, 
the  electronic  to  shear  stress  time  delay  remained  within  200/js  of  I  ms  throughout,  for 
both  fluids.  Since  t*e  «  t*m  (Figs  2a  and  2b)  this  apparently  limiting  condition  is  unlikely 
to  be  imposed  by  the  source  of  excitation.  It  is  higher  than  the  likely  polarisation  time. 
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Figure  3  Normalised  F.R  torque  willi  running  rune. 

for  30%  ConcciUralien  Fluid,  density  matched  and  unmatched 
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Figure  4  ER  torque  witii  running  time 

30%  ConcciUralion  Fluid,  density  malcitcd  and  unmatched  fluid 


Figure  4  shows  the  values  of  before  normalisation  for  both  fluids  The  level  of  Tof  also 
increased  initially  and  then  fluctuated  about  a  steady  mean,  see  Fig  5 

When  the  clutch  was  stripped  down  after  12  hours  of  accumulated  centrifuge  time 
it  was  found  that  some  of  the  particles  had  separated  out  in  the  regions  X  and  Y  of  Figure 
la,  as  with  the  unmatched  fluid  In  both  cases  the  annular  cavity  had  been  blocked  otV 
before  operation  commenced  However,  the  shoulders  of  the  inner  roloi  though  smoothed 
off  still  presented  relatively  sharp  (electrical)  edges  and  high  local  field  gradients  would  be 
present  in  the  vicinity  of  the  aecumulatioiis 
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top  2d°.i  was  eleai  (Ins  eenuilunmn  loi'l.  plaie  al  .00111  lempeialuie  Mie  fluid  \s.is 
I’alaiked  at  ( 


U  lutivct  tlic  idiiM-  111  Ilk  vhangi-  in  i-Uklin-loiijuc  I  j.  (and  l)i:ni.c  i^nh  iiinnin^; 
iluii”!iin  the  |H'Tli'im4nv.i;  ttond''  nl  I'olh  tluids  aic  similai  I  lie  mni-deiiMlv  matched  thud 
eniii'.c  a  liiniier  electro-clrcN'i  hecaiiw  its  ha\e  ml  pinpetlies  aie  supeiim  In  lluice  nl  the 
link)  kimlai'iiiij:  llie  hij:)!  dencil .  I  lumitlube  I  he  iesull>  lend  ti>  indicate  that  Iheie  ic  little 
adcanla^e  in  dencih  matching  undei  the  condilimic  expeiieiKed  I'eihapc  the 
iini'iineiiHT.t  meaciiied  inlUncinp.  the  initial  lunninit  nl  the  lluid  nnnlcec  the  ^leneialinn  nt 
I'eimanenl  dip. 'lee'  i  he  pheiu'i'ienmi  hac  been  nnted  Ivime  I  he  lecults  nt  liiithei 
cc'pantinn  etKvtx  texting  ..|  nnti  dciixilc  matclied  lluid  aie  binught  injtether  mi  c>>  nimh  .ic 
tbe\  I  an  i  m  )  i^;  <' 


Heine  '•  I  h  liii(|iie  Midi  iiiiiiiiiie  lime 

till  dilleleiil  eoluilie  liaclioii  lluiiis.  nun  dcncil)  liialclicd.  1  .Still  volts  c'.vciliilii)ll 


Hi’hiU’J  Uiyh  Shciir  Hiiw  ( 'haraclerisin  s 

111  bigs  7  a,  b.  c,  data  is  given  for  20,  .10  and  40%  C  volume  fraction  fluids 
ies|ieclively  At  high  shear  rates  the  electrn-slicss  is  seen  to  continue  to  fall  but,  at  a  rate 
which  IS  less  severe  than  at  lower  shear  rales  Fig  8  shows  the  same  data  normalised  on 
the  y  O.SOOs  '  results  for  the  1800V  excitation.  T1  zero  volts  torques  (seal  friction 
prevents  conversion  to  shear  stress  values)  for  the  various  volume  fractions  is  shown  in  Fig 
0  The  delinitii'tis  of  Tgf  is  given  in  Fig  2a  A'  high  y  the  rate  of  fall  off  of  .seems 
independent  of  %(’  The  low  shear  rate  results  indicate  a  potentially  severe  hysteretic 
lendeiicv  at  40%C  However,  the  result  is  not  conclusive.  Comparative  manufacturers 
data  adds  confidence  to  the  results 
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Q. 

M 


— 1  H  kV/mrn 

- ♦ —  J  4  kV//nii»i 

*  0  kV/tnir. 

^  ‘  kV/»niii 

Maiuitiiclurnf  s 
^  M  k  v-tn»t^ 


I  IHUK-  '.I 


-1  tv  IIIIII 

)  lixllli  ttK'tt  Ulltl  slKMt  IJIC  1(11  toi  dlllcll'ix  (lllu^ct  ,11  VI  I 


- ■ -  1  8  kV^riim 

- * - J  4  kV/mrn 

- * -  3  0  kV/iTiin 

- • -  3.8  kV/mni 

"  Manufacturers 
data 

1 .8  kV/mm 

<■  2,4  kV/rT„n 


Figure  7c 


Electro  stress  with  shear  rate  for  40%  fluid,  for  diflcrciu  excitation  voltages  at  30°C 
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Sliear  Rale,  y  11/sl 

I  iKUrc  K  l•■|l;clru  .ilrcis  iioriiLili'ial  (o  values  at  ‘>50(1  s'*  sliear  rale, 

fni  (linerciil  \  oliinie  Iraelioiis  al  Urt'  and  I  K  kV  eseilation 


0  bOOO  10U0U  IbUUO  20000 
Shear  Rate.  ;  1 1  /si 


I'lKurc  '/  Aiciaue  values  el  /elu  vull.s  lurqiiu  vviili  sliear  rale,  for  dilTcieiii  voliiiiie  liaelinii  lliinis 

J  .1  /*,„  lii-iulL-J  Hi^h  S/war  RkUi’ t  'iMnicWriMlc.'. 

in  [iieviiiu.s  vvink^’  il  ha.s  been  sn''wn  tiial  tin  valve  lK>w  I*  ,,  i.s  dcRendaiu  on  y 
and  to  a  Icsse'  extent  on  tlie  magnitude  of  the  apjihed  voltage  step  -n  valve  tests  conducted 
at  .lO'C  and  .10%  volume  Iraclion,  and  is  smular  when  switching  excitation  on  and  olV  In 
Table  1  these  trends  are  contirined  in  the  clutch  foi  20  •  %('  •  40  Some  slight  lack  of 
repeatability  was  encountcied  in  the  tests  IVoin  which  the  tables  are  drawn  and  average 
values  arc  given  The  efl'ect  of  %(’  is  .seen  not  to  grca''v  elTcct  al  high  shear  rate  or, 
at  least  not  within  the  accuracy  of  the  tests 

The  results  for  the  elVeci  of  tluid  leinperaiure  on  t*[ii  are  again  susceptible  to  eiror 
-  in  the  precise  control  of  temperature  However,  despite  the  lack  of  comprehensive  data 
some  reduction  in  t*in  is  always  evident  as  the  leinperaiure  increases  Table  2,  shear  rale  is 
the  dominant  factor  here 
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Values  of  t  (ms)  ai 

for  different  volume  fraction  fltttds  over  a  range  of  elcclrical  cxcituttoit  uttd  tnotut  speed 


Table  1 


(.1,  MO  rOR  SPEED  RPM 

V 

HH) 

5011 

! 

lOlM) 

15<K) 

2000 

loot) 

20'1-.. 

1  (^ 

i  0 

‘;()o 

fo% 

1 2 

OK 

411% 

1 1 

OX 

OK 

20"r,. 

1 5 

>2 

1 0 

12011 

10% 

1 2 

0  K 

1 0 

1 0 

40% 

1 2 

0  ‘J 

0  X 

0  7 

0  7 

0  7 

20% 

1 4 

1 0 

OH 

0  •) 

0 

10% 

1  It 

OK 

(t ») 

0  0 

0  0 

1 0 

40"/,, 

1 1 

1 0 

0  ') 

0  K 

0  X 

1)  7 

1 2 

0 

0  (. 

0  7 

1 0 

1 0 

1  0 

0  K 

0  K 

0 

1  2 

1 1 

1 0 

0  ') 

0  M 

0  K 

0  H 

fable  Values  of  1*111  (ittsl  user  a  range  ol  lctii(KTalutes 

for  dtlYeteiit  soluitie  Iraeliun  lltitds  fur  different  eleetrteal  escttaltoii  and  inoloi  s{)ee(l 


Values  of  t**2  (ms)  al  !10°C 

for  diffcrcul  volume  fraction  fluids  over  a  range  of  electrical  excitation  and  motor  speed 
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The  data  in  Table  3  shows  how  t**e  (as  measured  from  the  test  reeord)  varies 
with  %C,  excitation  voltage  and  y.  The  results  arc  somewhat  arbitrary  because  of  the 
difficulty  of  judging  the  termination  of  the  overshoot  process.  Nevertheless  ,  it  can  be  seen 
that  t**e  is  reduced  at  high  shear  rates  whilst  it  decreases  with  the  magnitude  of  the 
voltage  step  The  results  are  in  sympathy  with  valve  electrical  characterisations^  The 
effect  of%C  on  t*'''^  in  the  present  tests  is  not  significant  or,  inconclusive 

In  the  valve  tests^  the  extent  of  t**e  was  found  to  be  closely  related  to  the 
electrical  time  constant  (r  x  c)  of  the  model  shown  in  figure  10.  This  factor  is  also  seen  (in 
Table  4)  to  be  reduced  as  the  temperature  increases  in  Table  4  and  is  consistent  with 
increased  conductivity.  Separate  values  of  r  and  c  have  not  yet  been  determined. 
Capacitance  is  generally  accepted  to  have  but  a  secondary  dependence  on  temperature 
Data  already  published'^  shows  that  r  x  c  docs  not  vary  much  with  h  at  constant 
temperature  for  given  li  and  y .  Throughout  the  range  of  the  tes's  reported  in  this  paper 
t*i;  varies  within  less  than  100/;s  This  may  yet  be  seen  to  be  dependent  on  the  power 
supply 


rutuie  111  Appiosimalc  cijiioaluiil  >.111.1111  lin  the  i  UMni-ilicutOKical  dcMo.' 


2  I  (  iiiilnilli’i  hiJu 

It  IS  well  known  that  Ti'  is  dependant  on  li  land  h  seeoiidaiilv).  y  and  lltiid 
temperature^  '^  i'lg  1  I  This  makes  its  precise  conlrol  In  voltage  dilficul''^  In  this 
section,  the  possibility  ol  contiol  by  cuneiit  Is  cxaniir.cd 

In  logs  12c,  b  and  c  the  steady  state  cuiieiits  diawn  pei  unit  olTotoi  surllice  area 
(as  defined  in  l-ig  2ti)  are  shown  loi  one  lempeiatuie  (.tll  ’t  )  It  will  be  noted  lhal  the 
isotheimal  cunent  and  curves  (l  igs  7a.  b  and  c)  have  the  .same  iiend  in  variation  with 
sheai  rate  and  volume  fraction,  as  well  as  voltage  The  data  is  normalised  to  the  \alucs  at 
s"'  shear  rate  in  l  ig  1 1,  for  a  lange  ofsheai  rates  at  one  temperature,  .30'  (' 


385 


<’ -  1,2  kv 

1000  rpm 

■« -  1.5  kv 

100  rpm 

■* -  1.5  kv 

1  000  rpip 

-• -  1.5  kv 

3000  rpm 


Figure  1 1 


F.R  tori{uc  with  tcnipcralure  fur  dilTcrciU  c.\ci(iUioii  voltages  and  motor  speed 


• - 1 .8  kV/mm 

2.4  kV/mni 

■* -  3.0  kV/miii 

-  3.6  kV/inm  | 


I'lgiiro  12a 


Current  dciisits  with  shea.’'  rate  for  2f)%  fluid  for  dincrciu  c.Ncilalioii  voltages  at  10°C 


1  -8  kV/mm 
2.4  kV/mm 
3.0  kV/mm 
3.6  kV/mm 


|rigiire  1 2b  Current  density  with  shear  rate  for  H)%  lluid  for  din'creiit  c.seilation  'ollages  at 
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~  1 .8  kV/mm 

2.4  kV/mrn 

■“  3.0  kV/mm 

~  3.6  kV/mm 

Manufacturers 

data 

1 .8  kv/mni 

2.4  kV/mm 


Figure  12c 


Currciil  density  witli  slictir  rale  for  40%  fluid,  for  diffcrcnl  excitation  voltages  at  1()°C 


-  20%  I  luid  I 

-  30%  fluid 

-  40%  fluid 


Figure  13  Current  density  iionnal'scd  to  values  at  95(K)  s'*  shear  rale. 

for  diirerciit  volume  fraelioii  fluids  at  3U’’C  and  1.8  kV  excitation. 


In  figure  14  the  current  is  seen  to  rise  with  temperature  as  does  the  torque  in  fig 
15.  Current  rises  against  volts  in  Fig  16  but,  in  Figs  17  it  is  seen  that  Tg  cannot  be  fixed 
by  current  alone.  A  significant  derivative  from  these  tests  (Figs  14-17,  at  %C  =  30)  is 
shown  in  Fig  18.  This  result  not  only  confirms  that  advantage  aceming  to  t*„i  in 
operating  at  high  temperature  but  shows  that  y  need  not  be  a  factor  in  torque  control 
provided  the  temperature  is  high  enough  and  is  kept  constant.  Opeiating  at  higher 
temperatures  will  also  tend  to  reduce  t*,„. 
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Tigiirc  14 


10  20  30  40  50 

Temperature,  0  (Deg.  Cl 

Current  with  icmpcralure  Ibr  different  volunic  fraction  llnids. 
1.2  kV  cxcilittion  and  motor  speed  lOdO  rpiii. 


20%  I  lunj  ; 
30%  fluid  j 
30%  Fluid  j 


10  20  30  40  50 

Tomporoture,  0  (Deg.  C) 

Figure  15  ER.  torque  with  temperature 

for  different  volume  frucUon  lluids,  1.2  kV  cxcitutioii  and  motor  s|iced  IDtii)  rpnt. 


Voltage,  v  (vl 


50  rpm 
1 00  rpin 
bOO  rpm 
1 000  rpni  i 
1 500  rprr-, 
2000  rpm 
3000  rpm 


Figure  16 


Current  Or)  with  c.\citation  voltage  for  different  motor  speeds,  ,H)%  lluid  at  Hi‘’C 
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0  12  3 

Current,  i  (mAl 


•*  25  Deg.  C  1 .2kv 

*  25  Deg.  C  1  5kv 

*  “  30  Deg.  C  1 .2kv 

*  30  Deg.  C  l.Skv 

- 1' - 35  Deg.  C  1 .2kv 

- 35  Deg.  C  1.5kv 


In  CVC17  case  the  motor  speed  increases  from  right  to  left 
over  the  range  100  rpm  to  3000  rpm 


figure  17a  ER  torque  with  currenl  (i^) 

for  UilTcrciil  loui|>cralurcs,  c.NCilation  voltages  and  motor  speeds  for  30%  fluid. 


- ■ - 20%  fluid  1.2kv 

- - -  20%  Fluid  1.5kv 

- - 30%  Fluid  1.2kv 

- • -  30%  Fluid  1.2kv 

- " - 40%  Fluid  1.2kv 

40%  I  luid  1 .5kv 


in  every  case  the  motor  speed  increases  from  right  to  left 
over  the  range  100  rpm  to  3000  rpm 


Figure  17b  ER  torque  willi  current  0^) 

for  different  motor  speeds,  c.scitation  voltages  and  volume  fraction  Ouids  at 
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Figure  18 

3  Discussions 

There  are  stated  limitations  on  the  accuracy  of  the  measurei  ents  recorded  in  this 
paper.  Nevet1he!ess  the  main  trends  in  performance  ai  e  repeatable  and  cstabli..hed. 

A  running  in  period  on  a  new  fluid  seems  to  improve  its  xe  capacity.  Beyond  this 
there  is  little  to  choose  with  respect  to  density  matched  and  non  density  matched  fluid  re 
their  rotational  stability  and  durability. 

No  catastrophic  failure  in  Ce  (as  y  ->  20,000s'')  is  encountered,  whatever  the  %C, 
a  'd  the  gradual  aecline  of  Xg  with  y  can  be  counteracted  when  operation  is  at  industrial 
operating  temperatures  (c'rca  50°C  in  the  present  fluids).  The  corresponding  level  of  tg  is 
linked  with  the  effective  conductivity  yet,  current  density  alone  does  not  control  the  level 
of  shear  sti  ess. 

The  values  of  t**e  and  '*m  encountered  at  significant  sliear  rates  are  always  small. 
Hence  the  simple  procedure  for  calculating  run  up  speed  put  forward  previously^  is 
validated.  Some  discretion  is  called  for  as  Xe  is  not  precisely  fiited  by  E,  y  and  9  for 
different  electrode  separations'^  and  in  the  present  test  To  was  not  always  insignificant. 

Apail  from  the  well  known  effects  of  %C  (on  Xe  and  steady  stale  current)  it  seems 
*  j  nave  little  eiTeei  elsewhere  save  possibly  in  the  levels  of  charging  current,  hysteresis  and 
elasticity  which  have  yet  to  be  fully  investigated  An  increase  in  current  takes  place 
whenever  x^  rises,  whatever  the  value  of  0“C  In  most  respects  high  y,  F.  and  9 
condition'  lead  to  optimal  catch  performance. 


Shear  Rate,  y  tl/s! 


1',  OnQ.  C 
20  Doy.  C 


Elcciro  stress  with  sh*^!'  i 

for  dilfcrcnt  icnipcralt>fLr..  jv%  voiuiiic  fraction  fluid  and  1 .5  kV  excitation. 
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4.  Conclusions 

The  percentage  concentration  of  solid  in  a  fluid  seems  to  have  little  effect  on  most 
of  the  time  dependant  properties  cf  an  hRF  in  the  shear  mode  This  statement  is  derived 
from  tests  performed  on  one  fluid  in  a  cylindrical  viscometer  operating  at  only  one  value  of 
electrode  separation.  It  must  therefore  be  treated  with  caution. 

This  position  seems,  from  valve  tests,  on  an  admittedly  weaker  fluid  (%C  =  20%), 
where  the  short-term  time  response  delays  recorded  were  much  larger  than  in  the  fluid 
used  in  the  present  tests,  that  the  effect  of  a  higher  %C  (30)  fluid  made  from  the  same 
constituents  showed  a  dramatic  improvement  in  Only  when  different  electrode 

separations  are  used  in  the  Couette  rig  will  the  basis  for  strong  arguments  about  the 
explanations  for  this  be  established  (continuum  properties  of  ERF  vis  a  vis  flow  field 
effects).  These  and  further  results  may  then  throw  light  on  the  different  time  response 
properties  of  valve  (flow  mode)  and  clutch  (shear  mode)  .situations  that  apparently  accnie 
for  the  same  fiuid^-^. 

From  what  data  is  made  available  from  the  tests  in  a  clutch,  there  is  a  case  for 
moving  to  higher  %C  (circa  40%);  this  hardly  affects  ‘•m  yet,  Tg  enjoys  a  well-known 
increase  as  %C  is  raised.  However,  as  %C  rises  so  does  zero  volts  viscosity  and,  if  the 
inter  electrode  gap  h  has  to  be  increased  in  order  to  control  To.  the  ensuing  fall  in  y,  (for 
the  same  slip  speed)  may  impair  the  operating  t*m-  Fortuna*ely,  at  higher  temperature 
levels  (circa  50°C)  there  may  be  some  alleviation  of  the  problem  since  Xg  at  that  condition 
hardly  falls  with  y . 

The  long  term  performance  of  the  fluid  seems  to  be  little  improved  by  density 
matching  Again  this  result  must  be  qualified.  Like  the  short  term  time  domain  results, 
though  tested  over  a  wide  range  of  y,  G,  %C  and  E,  the  geometrical  .situation  was  fixed 

The  s'eady  state  control  problem  is  not  clear  cut.  Voltage  or  current  alone  will  not 
suffice'®.  A  more  considered  approach  will  be  needed. 
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S’linii'iu  Itiluii' 


clVcctne  suri'acc  area  of  »  rolot  nD' 

volume  fraction  of  solid  in  LRI- 

nominal  diameter  of  clutch 

elcctro-rlicological  fluid 

field  strength  V/1i 

inter  electrode  spacing 

electric  current 

driven  rotor  inertia 

capacitance 

nominal  length  of  excited  rotor  surface 

resistances 

time 

electron-  hydraulic  time  delay 
approximate  time  in  acceleration 
current  rise  time 

approximate  duration  of  surge  current 

torque  measured  on  meter 

magnitude  of  voltage  step 

constant  rate  of  acceleration  of  driven  rotor 

shear  rate  (7tD/2h) 

shear  stress 

temperature  of  ER  fluid 
rotational  speed  of  clutch  outer  rotor 


f  .  due  to  parasitic  friction 

g  -  due  to  electric  field  application 
Q  -  due  to  zero  volts  fluid  friction 

R  -  resistive  current 

c  -  charging  current 
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ELECTROSTATIC  INTERACTIONS  FOR  PARTICLE 
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ABSTRACl' 


A  .simple  effective  charge  method  and  the  principle  of  superposition  were  used 
to  calculate  the  total  system  interaction  energy  of  two-dimensional  rectangular 
and  hexgaonal  arrays  of  panicles  in  ulcctrorhcologieal  suspensions.  I'he 
calculations  gave  for  suuic  conditions  (no  shear)  that  a  closc-packcd  hexagonal 
airay  of  particles  was  energetically  favored  over  a  rectangular  array  and  tliat  for 
very  dilute  suspensions  a  structure  consisting  of  separated  single  chains  was 
favored  over  one  consisting  of  clusters.  For  shearing  and  attsuming  that  no 
lotation  of  the  polarization  vector  takes  place,  no  difference  in  the  maximum 
force  per  chain  occuitcd  for  a  two-chain  .system  compared  to  a  single-chain 
system  in  cither  the  rectangular  or  clo.sc-packcd  hexagonal  array.  Ihis  was  also 
the  ease  with  rotation  of  the  polarization  vector  in  the  rectangular  array, 
although  the  force  was  le.ss  with  rotation  compared  to  without  rotation  for  this 
anay.  However,  in  the  case  of  the  close-packed  hexagonal  array  with  rotation 
of  the  polarization  vector  there  occurred  an  order  of  magnitude  enhancement  of 
the  maximum  force  for  the  two-chain  system  compared  to  the  single-chain 
system.  This  enhancement  is  comparable  to  the  ratio  of  the  measured  strength 
of  liR  fluids  to  that  predicted  for  a  structure  consisting  of  separated  single 
chains. 


L  Introduction 

A  characteristic  feature  of  electrorheological  (ER)  suspensions  is  the 
alignment  of  the  particles  into  a  chain-like  or  fibril  structure  along  the 
applied  electric  field;  see  for  example  Fig.  1 .  At  a  low  concentration  of 

E articles,  the  structure  consists  largely  of  single-row  chains,  whereas  at 
igh  concentrations  clusters  or  columns  of  pardcles  span  the  electrode  gap. 

The  polarization  force  of  interaction  between  particles  in  a  single¬ 
row  chain  has  been  calculated  by  Chen  et  aF  and  found  to  be  in  rcasoriaoie 
accord  with  that  measured  on  a  chain  of  humidified  glass  beads  in  silicone 
oil  ’.  However,  the  measured  shear  strength  of  some  common  ER  fluids  is 
about  an  order  of  magnitude  larger^than  that  predicted  based  on  the  forces 
between  particles  in  single  chains"*"^.  The  difference  between  the  measured 
and  predicted  strength  was  attributed  to  the  fact  that  in  these  ER 
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Fig.  1  Particle  arrangements  in  a  model  ER  suspension  consisting  of  27  pm  dia.  glass 
beads  in  silicone  oil  .subjected  to  an  electric  field  E  =  1  kV/mm:  (a)  dilute 
suspension  and  (b)  concentrated  suspension.  From  Conrad  el  al  [  1 J. 
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suspensions  the  fibril  structure  consists  of  columns  or  clusters  of  particles 
spanning  the  electrode  gap  rather  than  single  chains'*'^.  With  such 
columns,  contact  between  neighboring  particles  is  maintained  longer  during 
shear  than  in  the  case  of  particles  in  a  single  chain.  Since  the  force  of 
interaction  between  particles  decreases  rapidly  witli  their  separation,  the 
columnar  stmcture  would  thus  have  a  higher  resistance  to  shear  than  would 
be  the  case  for  a  structure  consisting  or  separated,  single  chains.  Support 
for  this  idea  was  provided  by  the  concentration  dependence  of  the  flow 
stress  of  zeolite/mineral  oil  dispersions'*’^.  At  low  concentrations,  where  a 
single  chain  structure  was  prevalent,  there  occurred  good  agreement 
between  the  predicted  and  measured  stress.  The  measured  stres.s  tiowever 
became  increasingly  larger  than  that  predicted  for  single  chains  as  the 
volume  fraction  of  particles  was  increased  and  the  particles  clustered  to 
form  a  columnar  structure. 

The  ob.servcd  increase  in  strength  with  change  in  particle 
arrangement  is  in  contrast  to  the  calculations  by  Kraynilc  et  aV ,  which 
indicate  that  the  strength  of  a  double  chain  is  less  than  that  of  two  single 
chains.  The  present  calculations  were  therefore  undertaken  to  examine 
further  the  interaction  energy  and  force  between  particles  in  multiple 
chains  compared  to  .single-row  chains  in  ER  fluids. 

2.  Approach 

To  simplify  the  calculations,  an  effective  charge  method  is  employed 
to  calculate  the  interaction  energy  U  of  a  two-dimensional  system 
containing  particles  suspended  in  a  dielectric  liquid  and  subjected  to  an 
electric  field.  If  tliere  are  infinite  particles  per  chain  and  infinite  chains  in 
a  two-dimensional  periodic  space  lattice,  every  particle  will  have  the  same 
polarization,  bccau,se  all  of  the  particles  are  equivalent  in  the  periodic 
lattice.  The  charge  distribution  in  every  particle  can  then  be  represented 
by  two  effective  charges  -5q  and  -q  separated  by  a  distance  2h  as  shown  in 
l-ig.  2.  The  relationships  between  the  effective  charge  q  and  the  electric 
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Fig.  2  Schematic  of  the  charge  di.stribution;  (a)  actual  charge  distribution  and  (b) 
effective  charge  representation. 
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field  li  and  the  relative  permittivities  of  the  particles  Kp  and  of  the  iluid  Kr 
are  ignored  in  the  present  calculations.  Thus,  althouen  the  present  methoa 
can  not  give  the  magnitude  of  the  strength  of  an  ER  fluid  in  terms  of  E, 
Kp  and  Kf,  it  can  pro\ide  an  estimate  of  the  relative  effects  of  different 
structures  on  the  strength. 

Ihe  following  assumptions  are  made  regarding  the  calculations: 

a.  The  particles  are  spherical  and  are  all  of  the  same  size, 

b.  The  electrostatic  interacdon  is  the  dominant  interaction,  i  e.  all 
other  interactions  are  neglected. 

c.  Polarization  is  the  same  in  every  particle  of  an  array. 

d.  Complete  and  perfectly  straight  chains  of  particles  span  the 
electrode  gap. 

e.  When  the  array  is  sheared,  this  is  so  .dow  that  a  static  or  qua.si- 
static  state  exists. 

f.  The  .separation  of  the  particles  during  shearing  is  the  same  for  all 
particles. 

Two  arrangements  of  the  particles  in  two-dimensional  space  are 
considered,  namely  a  rectangular  array  and  a  close-packed  hexagonal 
array;  .see  Fig.  3. 

Since  every  sphere  hcs  two  effective  charges  -i-q  and  -q,  which  are 
.separated  by  the  distance  2h,  the  total  system  interaction  energy  U  of  the 
two-dimensional  space  is  calculated  employing  the  principle  of 
superposition,  which  gives 


1  y  y  u  =  (I  y  y  13: 

2  ^  ^  ij  4ne  '2  ^  d. 


CO  CO  CO  CO  CO  ® 
CO  CO  CO  CO  Cl)  ® 
CO  CO  CO  (00)  CO 
Cl)  coco  CO  coco 
CD  CO  CO  CO  ®  CO 
0)  CO  CO  ®  ®  ® 


CO  ®  CO  ®  ®  ® 

CO®®®®® 

CO  (T)  rf 


i.-** 


Fig.  3 


Schematic  of  iwo-dimcn.sional  particle  arrays;  (a)  rectangiilar  array  and  (h) 
close-packed  hexagonal  anay. 
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where  Uji  and  dji  are  respectively  the  system  interaction  energy  and  the 
distance  netween  any  two  effective  charges  qj  and  qj.  Here  £  is  the 
permittivity  of  the  dielectric  liquid.  For  example,  if  a  rectangular  array 
IS  considered,  calculation  is  started  from  a  single  chain.  Then  the 
interactions  between  chains  are  considered.  Assuming  that  N  is  the  number 
of  particles  per  chain  and  S  the  number  of  chains,  the  total  system 
interaction  energy  for  a  single  chain  Ua  that  has  2N  total  effective  charges 
can  be  written  as 


Ua  =  u,,  (U,,  +  u  j  +  (U  ,  +  u,,  +  n  j  + 


^(U^.l"U^N.2^U^N.3-^' 

2N  i-1 


42  43' 

'  UjN.aN-l^ 


2N  1-1  a  Q 

=— y  y  — 

47CE  ^  ^  d. 


L.  Z./  d 

•2  j.l  U 


By  using  the  same  procedure,  the  interaction  energy  between  tv/o 
chains  ‘ub  can  be  derived  as  a  function  of  N,  R,  W,  q,  2h.  Here  R 
represents  the  distance  between  the  centers  of  two  neighbonng  particles  in 
the  same  chain  and  W  is  the  separation  between  tlie  center  lines  of  two 
neighboring  chains;  see  Fig.  3.  The  general  expression  of  the  system 
interaction  energy  for  a  two-dimensional  particle  array  with  N  particles 
j^er  chain  and  S  chains  can  thus  be  divided  into  two  components.  The  first 
IS  due  to  the  interaction  of  the  single  chain  itself  IL  ana  the  second  is  the 
interaction  of  any  two  chains  in  the  array  Ui>.  fherefore,  the  general 
expression  for  the  total  system  interaction  energy  of  a  two-dimensional 
particle  array  is 


U  =  S  U,  +  (S-1)  (W)  +  (S-2)  (2W)  +  (S^)  (3W) 

+ . +  3  U  [(S-3)W]  +  2  U.  [(S-2)W]  +  U,  [(S-l)W] 

b  b  b 

S-1 

=  SU.  +  ]^  (S-i)U^(iW) 

i-1 


For  example,  the  normalized  interaction  energy  of  a  single  chain  is 

=  -N+  y  (N-i) 

*  4re  2h  ^  lb  lb  +  1  lb  - 1 

i-1 


(3) 


(4) 


The  normalized  interaction  energy  of  any  two  chains  Ui,  in  the 
rectangular  array  is 


398 


=  S  I  (~ 


i-O  k-i-(N-i)  VmV+kV'^  ^;'^^c^+(kb+l)^ 


yj  m^c'^+(kb-l)^ 


(5) 


where  the  constants  b  and  c  are  the  ratios  of  R/2h  and  W/2h,  '•espectively, 
and  m  is  a  dummy  index  number.  Thus,  the  total  normalized  system 
interaction  energy  tor  a  two-dimensional  rectangular  airay  is  finally 


4jie  2h 

S-l  N-1 
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SSI  ®-m)( 

m.l  i-0  k-j-(N-l) 


ib  ib  +  1  ib  -  1 
1  1 
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(d) 


'Fhe  interaction  energy  for  a  two-dimensional  hexagonal  array  is 
more  complicated,  but  the  calculation  procedure  is  the  same.  Th 
expression  of  the  total  normalized  system  interaction  energy  for 
hexagonal  array  is 


-SN+S 


N-l 


i-1 


(N-i) 
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ib  ib  -t-  1 


ib  -  T 
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Here  [S]  means  the  maximum  integer  which  is  small  or  equal  to  the  chain 
number  S  and  Is  dependent  on  the  odd  or  even  restriction  of  the  dummy 
index. 

ITieoretically,  it  is  necessary  to  input  infinite  numbers  for  N  and  S  in 
order  to  satisfy  the  assumption  of  equal  polarization  for  every  particle  in 
the  anay,  but  this  is  imp^ossible  for  the  calculation.  If  only  a  comparison 
of  particle  arrays  in  ER  fluids  is  considered,  finite  numbers  of  N  and  S  can 
be  used  to  obtain  the  same  properties  as  would  be  calculated  from  large 
numbers  of  N  and  S.  Choosing  large  numbers  of  N  and  S  will  only  change 
the  scale;  the  trend  would  not  be  changed.  Therefore,  it  is  reasonable  to 
assume  finite  number  of  N  and  S  for  the  comparison  of  particle  arrays  of 
ER  Huids. 

In  calculating  the  system  interaction  energy  of  particle  anays,  N  and 
S  are  fixed  to  satisfy  particle  con.servation  and  only  me  particle  arrays  arc 
changed.  If  a  particle  array  is  sheared,  the  shear  force  required  to  shear 
the  particle  array  is  obtained  from  the  derivative  of  the  total  system 
interaction  energy  U  with  respect  to  shear  strain  y. 


F  =  f  ^  (8) 

L  dy 

F  is  thus  a  function  of  shear  strain  y,  The  gap  length  of  the  two  electrodes 
L  is  used  to  keep  the  units  consistent,  in  the  following,  normalized 
quantities  are  used,  including  normalized  interaction  energy  and 
normalized  shear  force,  which  are  written  as 


U/( 


JL.3L) 

47te  2h 


Jl.  q 

4ke  2Lh 


3.  Results 

/  Static  Particle  Arrays  ( No  Shear) 

Tlie  arrangements  of  particles  shown  in  Fig.  1  can  be  classified  into 
two  general  types:  (a)  single  chain  structure  in  dilute  su.spensions  and  (b) 
columns  or  ^lusters  of  chains  in  concentrated  suspensions.  Let  us  first 
consider  static  chain  groupings  in  very  dilute  ER  suspen.sions.  Possible 
groupings  are  illustrated  schematically  in  Fig.  4.  For  the  calculations 
pertaining  to  these  groupings  we  will  assume  that  there  arc  20  particles  per 
chain  and  a  total  of  32  chains  in  a  very  large  two-dimensional  space.  The 
number  of  chains  per  grouping  or  bundle  is  chosen  to  be  1,  2,  4,  8.  16  and 
32.  In  view  of  the  large  two-dimensional  space,  the  interactions  between 
bundles  can  be  neglected. 

The  results  of  the  calculations  for  very  dilute  suspensions  are 
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Fig.  4  Schematic  of  po.ssiblc  cliain  groupings  in  very  dilute  ER  fluids. 


presented  in  Fig.  5.  It  is  here  seen  that  the  interaction  energy  is  nearly  the 
same  for  the  rectangular  and  the  hexagonal  arrays  and  that  the  lowest 
interaction  energy  for  both  arrays  occurs  when  the  number  of  chains  per 
bundle  is  one.  Thus,  in  very  dilute  ER  .suspensions  the  most  stable 
structure  is  predicted  to  consist  of  separated  single  chains,  in  accord  with 
what  is  observed  in  actual  ER  suspensions. 

For  concentrated  static  suspensions  we  assume  that  the  particles  are 
arranged  in  either  the  rectangular  or  close-packed  hexagonal  array  shown 
in  Fig.  3  and  calculate  the  resulting  interaction  energies.  The  results  (Fig. 

6)  reveal  that  for  the  same  separation  parameters,  the  hexagonal  array  has 
a  lower  interaction  energy  and  thus  is  more  stable  than  the  rectangular 
array,  in  accord  witli  calculations  by  Tao  and  Sun®  and  Davis^. 

3.2  Sheared  Particle  Arrays 

Four  cases  of  motion  with  differing  particle  arrays  and  polarization 
orientations  were  considered  in  calculations  pertaining  to  shearing  of  the 
particle  arrays;  (a)  rectangular  array  without  polarization  rotation  (Fig. 

7) ,  (b)  rectangular  array  with  polarization  vector  rotation  along  the  pw  of 
pai  tic^e^  i^ig.  oj  ,  j  viwSe-packed  hexagonal  array  without  polarization 
rotation  ^ig.  9)  and  (d)  close-packed  hexagonal  array  with  polarization 
rotation  (Fig.  10).  Shearing  of  the  rectangular  array  is  taken  to  follow  a 
rectangular  planar  motion,  whereby  the  changes  in  particle  position  are  in 
the  direction  of  shear  with  no  change  in  the  direction  of  the  applied  electric 
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Fig.  6  (a)  Normalized  interaction  energy  vs  the  ratio  of  the  spacing  W  between 

neighboring  rows  and  the  separation  h  of  :he  effective  charges  for  rectangular 
and  hexagonal  arrays  in  concentrated  ER  suspensions  and  (b)  normalized 
interaction  energy  vs  the  ratio  of  the  spacing  R  between  particles  and  tlie 
spacing  h  of  the  effective  charge  for  rectangular  and  hexagonal  arrays  in 
concentrated  ER  suspensions. 
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Fig.  Shear  of  two-chain  rectangular  array  without  polari7alion  rotation. 


Fig.  8 


Shear  of  two-chain  rectangular  array  wiOi  pclari/ation  rotation. 
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Fig.  9  Shear  of  two-chain  hexagonal  array  without  polarization  rotation. 


Fig.  10  Shear  of  two-chain  hexagonal  array  w/fA  polarization  rotation. 
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field.  During  shearing  the  hexagonal  array  it  is  assumed  that  the  particles 
in  the  second  chain  move  into  the  space  produced  during  separation  of  the 
pai  ticles  in  the  first  chdn.  It  is  further  assumed  that  tSe  particles  of  the 
first  chain  change  positions  only  in  the  direction  of  shear,  while  those  of 
the  second  chain  move  in  both  the  direction  of  shear  and  the  applied 
electric  field  to  maintain  a  structure  of  close-packed  linkages  of  the 
particles  in  the  two  chains. 

Taking  N  as  the  number  of  particles  per  chain,  b  the  ratio  Ry2h  and  c 
the  ratio  W/2h,  a  normalized  shear  force  can  be  expressed  in  terms  of  N,  b, 
c  and  shear  strain  y,  using  a  proceciv.re  similar  to  the  calculation  of  the 
interaction  energy  for  the  stauc  condition  without  shear  described  above. 
The  shear  force  of  a  two-chain  system  is  considered  to  consist  of  two 
components:  fa)  the  force  due  to  a  single  chain  itself,  Fa  and  (b)  that 
resulting  from  the  interaction  between  the  two  chains,  giving 

F  =  2F,  +  (9) 

Figs.  1 1  and  12  present  the  normalized  shear  force  vs  shear  strain  for  the 
shearing  of  one-chain  and  two-chain  rectangular  systems  with,  and 
without,  polarization  rotation  respectively.  Note  that  for  both  polarization 
conditions,  the  two-chain  system  has  a  maximum  force  that  is  essentially 
twice  that  for  a  single  chain,  i.e.  the  strength  of  the  two-chain  system  is  the 
same  as  that  of  an  equivalent  number  of  single  chains.  However,  in  each 
case  die  force  without  polarization  rotation  js  about  three  times  that  when 
rotadon  occurs. 

The  results  for  shearing  the  hexagonal  array  are  shown  in  Figs.  13 
and  14.  In  Fig.  13  it  is  seen  that  if  no  rotation  of  die  polarizaUon  vector 
occurs,  the  maximum  force  for  the  two-chain  system  is  equal  to  that  for  an 
equivalent  number  of  single  chains,  similar  to  the  situation  for  a 
rectangular  array.  Moreover,  the  two  geometric  arrays  have  the  same 
maximum  fome.  However,  if  we  allow  for  rotadon  of  the  polarizaUon 
vector  in  the  hexagonal  array,  we  see  in  Fig.  14  that  the  maximum  force 
fi  r  die  two-chain  system  is  about  10  dmes  that  for  an  equivalent  number  of 
single  chains.  This  is  further  shown  in  Fig.  15,  which  gives  the  ratio  of  the 
force  per  chain  for  the  two-chain  system  compared  to  the  single-chain 
system  vs  R/h.  It  is  here  seen  that  the  force  enhancement  associated  with 
the  shearing  of  the  close-packed  hex^ona!  arr^  with  polarization  rotadon 
is  about  an  order  of  magnitude  for  R/h  ^  2.2.  This  degree  of  enliancemeiit 
is  similar  to  the  raUo  of  the  measured  strength  of  ER  fluids  to  that 
predicted  assuming  that  the  structure  consists  of  single  chains'^^. 

5.  Summary  and  Conclusions 

A  simple  effective  charge  method  and  the  principle  of  superpositron 
were  used  to  calculate  the  total  system  interaction  energy  of  two- 
dimensional  arrays  of  pardcles  in  ER  suspensions.  The  calcuTadons  gave 
the  following  results: 
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Fig.  12 


Strain 


Normaliied  shear  force  vs  shear  strain  for  a  rectangular  array  with  polarization 
rotation:  (a)  one-chain  system  and  (b)  two-chain  sy.siem. 


Normalized  Shear  Force 
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(b) 


Fig.  14  Normalized  shear  force  vs  shear  strain  for  hexagonal  close-packed  array  with 
particle  rotation:  (a)  one-chain  system  and  (b)  two-chain  system. 
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Fig.  15  The  shear  force  enhancement  factor  vs  tlie  ratio  of  spacing  R  between  particles 
and  spacing  h  between  effective  charges  for  shearing  of  ihc  close-packed 
hexagon'i  array  with  polarization  rotation. 


J )  Static  Conditions  ( No  Shear) 

a.  For  very  dilute  suspensions,  the  energy  of  separated  single 
chains  is  less  than  tliat  of  a  cluster  of  the  same  number  of  chains. 

b.  For  high  concentrations,  Uie  interaction  energy  of  a  close- 
packerf  hexagonal  array  is  lower  than  that  of  a  rectangular 
array. 

2)  Upon  Shearing 

a.  No  difference  in  the  maximum  shear  force  per  chain  occuired 
fpr  a  two-chain  system  compaied  to  a  single-chain  system  in 
either  a  rectangular  or  a  close-packed  hexagonal  array  of 
particles  when  the  polarization  vector  does  not  rotate  during  the 
shear.  This  was  also  the  case  when  rotation  of  the  polarization 
vector  occurred  in  the  rectangular  array;  however,  for  this 
array  the  maximum  force  with  polarization  rotation  was  only 
about  1/3  that  without  rotation  for  both  the  single-chain  and  the 
two-chain  systems. 
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b.  With  rotation  of  the  polarization  vector  in  the  close-packed 
hexagonal  array,  there  occurred  an  order  of  magnitude 
enhancement  or  the  maximum  force  of  a  two-chain  system 
compared  to  a  single-chain  system.  This  is  comparable  to  the 
enhancement  found  for  the  measured  strength  of  ER  fluids 
compared  to  theoretical  predictions  based  on  a  single-chain 
model. 
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ABSTRACT 


The  force  required  lo  ihcar  one-,  two-  and  three-chain  clusters  of  230  pm  dia. 
glass  beads  in  silicone  oil  was  measured.  In  each  case  the  shear  force  was 
proportional  to  the  shear  strain,  the  proportionality  constant  increasing  with 
electric  field  and  number  n  of  chains  in  the  cluster.  The  derived  shear  modulus 
G  also  increased  with  n.  An  extrapolation  of  the  present  results  suggests  that  a 
cluster  of  4-5  chains  would  give  the  stress  enhancement  factor  of  10-20 
observed  for  real  ER  fluids. 


1.  Introduction 

In  the  first  paper  of  this  series '  it  was  pointed  out  that  the  measured  flow 
stress  of  electrorheological  (ER)  fluids  exceeds  by  an  order  of  magnitude  that 
predicted  for  a  fibril  structure  consisting  of  separate,  single-row  chains  of  the 
particles.  This  has  been  attributed  to  the  fact  that  the  fibril  structure  in  real  ER 
fluids  consists  of  columns  or  clusters  of  chains  ra^er  than  separated,  single-row 
chains^'4.  However,  calculations  by  Kraynik  et  ar  indicate  that  the  strength  of  a 
two-row  cluster  in  close-packed  arrangement  is  less  than  that  of  a  single-row 
chain. 

The  calculations  of  the  previous  paper*  give  no  difference  in  shear  strength 
between  a  two-row  chain  cluster  in  rectangu&'  or  close-packed  hexagonal  array 
compared  to  a  single-row  chain,  providing  the  polarization  vector  does  not  rotate 
during  shear.  However,  with  rotation  of  the  vector  an  order  of  magnitude 
enhancement  of  the  shear  force  occurs  for  the  close-packed,  two-row  array 
compared  to  a  single  row.  No  such  enhancement  occurs  for  the  rectangular 
array,  even  though  a  rotation  of  the  polarization  vector  may  take  place. 

The  calculations  in  Refs.  1  and  4  reveal  that  the  relative  strength  of  clii.sters 
of  chains  compared  to  single  chains  depends  on  the  specific  geometric 
arrangement  of  the  particles  and  whether  or  not  rotation  of  the  pmarization 
vector  occurs.  Experimental  measurements  arc  needed  to  check  the  results  of 
these  calculations.  Tbc  objective  of  the  present  work  was  to  provide  such 
mea.surements. 
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2.  Procedure 

The  apparatus  employed  here  to  measure  the  strength  of  single  chains  and 
clusters  of  chains  (Fig.  Ij  was  the  same  as  that  de.scribed  in  Ref.  5.  A  single 
chain  or  cluster  of  glass  beads  was  established  between  the  two  electrodes  witli 
application  of  an  electric  field.  Shear  was  imposed  by  movement  of  the 
microscope  stage.  The  shear  force  and  displacement  were  determined  from  the 
motion  of  the  pendulum  bob.  All  tests  were  conducted  at  room  temperature. 

The  host  oil  of  the  ER  fluid  was  as-received  Dow  Corning  200  silicone  oil, 
having  50  cs  viscosity,  0.973  specific  gravity  and  2.6  dielectric  constant.  The 
soda-fime  glass  heads  (230  pm  dia.)  were  from  Potter  Industries  and  had  a 
specific  gravity  of  2.5.  Prior  to  mixing  with  the  oil,  the  glass  tends  were  held 
for  more  than  2  days  in  a  80%  relative  humidity  chamber  containing  a  LiCl-HiO 
solution.  The  purpose  of  this  treatment  was  to  impart  to  the  beads  a  specific 
amount  of  adsorbed  water. 


I’ig.  1  .Schematic  of  die  force-di.splaaimcnt  measuring  system. 


I 


I 

I 
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Since  the  force  to  shear  a  cluster  depends  on  its  configuration,  it  is  important 
to  characterize  the  arrangement  of  particles.  In  the  present  experiments  we 
considered  the  strength  of  a  single  chain  (Fig.  2a).  a  two-row  rectangular  airay 
(Fig.  2b)  and  a  three-row  cluster  (Fig.  3),  which  is  part  of  a  body-centered 
tetragonal  array.  In  the  case  of  the  rectangular  array,  it  was  found  that  the 
resuRs  were  reproducible  if  the  structure  of  the  .■•rray  did  not  change  during 
shearing.  Occasionally  during  shearing,  the  particles  in  an  adjacent  chain  slid 
into  the  gap  which  opened  between  the  particles  in  the  neighboring  chain,  leading 
eventualW  to  a  single  chain.  In  this  case,  the  force  to  continue  shearing  decreased 
to  that  of  a  single  chain,  and  these  re.sults  were  not  included.  In  all  cases  care  was 
taken  to  avoid  sliding  of  the  chain  or  cluster  along  either  of  the  electrode 
surfaces. 


3.  Results 

The  shear  force  F  vs  .hear  strain  y  for  the  stable  one-,  two-  and  three-row 
clusters  with  d.c.  electric  fields  B  of  2  and  3  kV/mm  are  pre.sented  in  Fig.  4.  It  is 
seen  that  within  the  .strain  range  considered  (y  <  -  0.3_)  F  can  be  considered  to  Ixi 
proportional  to  y,  the  proportionality  con.stant  increasing  with  electiic  field  E  and 
with  number  of  rows  in  a  cluster.  Fig.  5  shows  that  the  strength  of  a  two-row 
rectangular  cluster  is  the  same  for  4  particles  in  a  row  as  for  3  particles  in  a  row. 


fig.  2 


Examples  of:  (a)  single  chain  and  (b)  iwo-row  cluster  undergoing  .shear. 
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I’ig,  3  Example  of  three-row  eluster. 


The  shear  modulus  O  of  each  cluster  was  derived  from  the  slopes  dh'/dy  of 
the  plots  in  I'ig.  4  by  taking 


G  =  |^)/n7ca2  (1) 

where  n  is  the  number  of  rows  in  the  cluster  and  a  is  the  particle  radius.  A  plot 
of  G  vs  nuitibcr  of  rows  (chains)  in  a  cluster  is  given  in  Fie.  6.  To  be  noted  is 
that  G  is  of  the  order  of  kPa  and  increases  with  electric  ficia  and  with  number  of 
rows  in  a  cluster. 

4,  Uiscussicn 

The  present  results  show  tliat  for  the  configurations  investigated  ilie  strength 
of  a  cluster  of  spherical  particles  increases  with  the  number  ot  rows  n  of  chajns 
comprising  tlic  cluster,  the  effect  becoming  e.specially  pronounced  for  n  >  2.  Of 
further  note  i.s  that  the  strength  of  tiie  two-row  rectanguhu"  array  is  only  slightly 
larger  than  tliat  for  a  single  row  chain,  in  reasonable  accord  with  the  calculations 
by  ohih  et  al‘.  Also,  the  measured  shear  modulu.s  for  a  single-row  chain  is  in 
reasonable  accord  with  values  derived  from  tlie  calcuijuions  for  a  angle  row  by 
Chen  et  al”,  and  from  tho.se  of  Bonnecaze  and  Brady'  and  Davis"'-'  for  an  ER 
fluid  with  a  regular  array  of  paiticle.s  (volume  fraction  (t>  =  0.2  and  Kp/Kf  =  10). 


I 


Y 


Y 


i'ig.  4  Siicar  force  F  vs  siicar  siraiii  y  for  the  three  particle  arrays:  (a)  li  =  2  kV/mm 
and  (b)  E  =  3  kV/mm. 
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Since  the  strength  of  a  cluster  increases  with  number  of  rows,  it  is  of  interest 
to  estimate  the  number  of  rows  which  would  give  the  stress  enhancement  factor 
of  1 0-20  found  for  ER  flui^  when  comparea  with  the  strength  predicted  based 
on  separated  single  chains-’*'^,  To  obtain  some  estimate  the  results  in  Fig.  6  were 
fit  to  a  polynomial  and  plotted  in  Fig.  7.  Here  the  force  enhancement  factor  A,,  = 
G„/Gp_j,  where  n  is  the  number  of  rows  in  the  cluster.  It  is  seen  in  Fig.  7  that 
for  the  present  conditions  and  configurations  a  stress  enhancement  of  9-26  would 
be  obtained  with  4—5  rows  (chains)  per  cluster.  This  number  of  rows  is  in  accord 
with  ll\at  pbi^erved  in  micrographs  of  the  structure  of  ER  ilujds  with  (})  = 
and  where  a  stress  enhancement  of  10-20  occurs-’^o. 


Number  of  rows  per  cluster 

Pig.  6  Slicar  modulus  G  vs  number  of  rows  per  clusier  for  two  values  of  cleeuic  field. 

5.  Summary  and  Conclusions 

Measurements  were  made  of  the  force  required  to  .shear  one-,  two-  and 
three-chain  clusters  of  230  pm  dia.  glass  bead.s  in  silicone  oil.  The  results 
obtained  and  conclusions  derived  llierelrom  were  the  following: 

1 .  The  shear  force  was  proportional  to  the  shear  strain,  the  proportionality 
constant  increasing  with  electric  field  and  number  of  chains  in  the 
cluster. 

2.  The  shear  modulus  derived  from  the  force  vs  displacement 
measurements  increased  with  electric  field  and  number  of  cnains  in  the 
cluster. 

3.  The  measured  modulus  of  the  single  chain  and  of  the  two-row 
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Fig.  7  Force  cnhunccmenl  factor  v.s  number  of  rows  per  cluster  for  E  =  2  ami  3  kV/mm, 
Solid  curve  is  polynomial  fit  io  the  data. 


rectangular  cluster  were  in  reasonable  accord  with  theoretical 
predictions. 

4.  An  extrapolation  of  the  present  results  indicates  that  a  cluster  of  4  -5 
chains  would  give  the  stress  enhancement  factor  of  10-20  observed  for 
real  ER  fluids.  Tliis  number  of  chains  per  cluster  is  in  accord  with 
microscopy  ob.servations  on  ER  fluids. 
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ABSTRACT 

All  earlier  model  desenbing  die  elecuical  chanictcristics  of  an  elcctrorheological  (ER) 
valve  is  refined  to  include  the  effects  of  coupling  to  the  pressure  rcsixinse.  Expressions 
including  additional  linetu-  terms  in  the  pressure  and  lime  differential  of  die  pressure  are 
considered  and  it  is  found  diat  a  single  tenn  in  the  lime  derivative  with  a  small  lime 
delay  is  a  quite  sufficient  description  of  the  data  on  the  basis  of  goodness  of  fit. 


I.  Introduction 

Elcctro-Rhcologtcal  (ER)  devices  offer  extremely  rapid  response  times,  these  being 
often  superior  to  those  of  the  fastest  electro-magnetic  mechanisms.  They  can  dissipate 
relatively  little  power  making  them  potentially  good  candidates  for  interfaces  between 
computers  and  hydraulic  machines.  Nevertheless,  some  current  is  drawn,  and  the  control 
of  these  devices  and  the  design  of  their  power  supplies  requires  a  detailed  undersUnding 
of  the  response  characteristics.  In  earlier  publications  *'3  we  have  separately  described 
the  electrical  response  and  pressure  response  for  a  series  of  Electro-Rheological  valve 
restrictors  over  a  range  of  dimensions  operating  at  a  scries  of  nominally  steady  flowrates. 
The  radii  of  the  valves  are  the  same  in  each  case  and  sufficiently  large  that  the  field 
between  the  electrodes  is  uniform  and  the  system  can  be  treated  as  a  pair  of  parallel  plates 
with  width  b.  length  1  and  gap  h  (Fig.  1).  Tlic  valve  dimensions  arc  detailed  in  Table  1. 

After  allowing  for  the  voltage  rise  time  the  current  response  to  a  voltage  step 
consists  of  an  effectively  instantaneous  rise  sharp  rise  followed  by  a  rapid  decay  with  a 
time  constant  ~  0.3  ms.  This  can  be  ascribed  to  the  initial  polarisation  of  particles  and  tlic 
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Fig.  1.  Simplified  valve  geoineu7.  ER  fluid  flows  al  mean  vclociiy  U  E<j.  (14)  between  plates  IcngUi  I, 
wldtli  b,  gap  li  and  held  at  voltage  V. 

Table  1.  Vidve  duncnsioiis:  Iciigdi  1,  gap  h,  surface  area  A. 


Valve 

l/mn\ 

h/ituii 

A/m^ 

A 

too 

0.5 

.0302 

D 

50 

0.5 

.0181 

C 

100 

1.0 

.0302 

D 

140 

0.5 

.0507 

E 

100 

0.75 

.0302 

observed  relaxation  time  compares  well  witli  the  expected  MaxwcU-Wagner  relaxation 
time  for  this  system.  The  pressure  across  the  valve  is  related  to  the  yield  stress  of  the  ER 
fluid^  which  is  in  turn  related  to  the  interaction  force  and  thus  (according  to  the  widely 
accepted  model)  to  the  polarisation.  Tlic  total  particle  charge  is  given  by  tlte  rime  integral 
of  tlie  polarisation  current  and  so  the  pressure  initially  rises  on  a  comparable  timescale  to 
the  charging  process  Figs.  2a  &  b.  Underlying  this  current  response  is  a  constant 
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Fig.  3.  Model  circuit  for  (he  valve  cuneni  rwpoase.  Tlie  resistor  R  is  in  general  a  non  lineoi , 

tinte  deiMitdent  component  characterised  by  £,  and  x-^  (see  Eq.  <6)).  Tlie  resistor  r  is  sunilorly 
oharacterised  by  C  is  tlie  capacitance. 

background  related  to  conduction  processes  which  wc  have  assumed  appears 
instantajieously.  and  in  addidon  a  slowly  relaxing  component  with  a  timeconstant  1  -  10 
ms  that  is  probably  related  to  stnictui'd  changes  in  the  fluid  as  it  comes  to  dynamic 
equilibrium.  This  basic  elecUical  response  has  been  described  in  terms  of  a  simple 
clccuical  circuit  Fig.  3  comprising  non-linear  and  time  dcpicndent  components.  Fits  to 
die  electrical  response  gave  rise  to  consistent  parameters  and  described  the  basic  form. 
However,  many  of  die  obscn/cd  cunent  responses  display  an  oscillatory  feature  around  3- 
4  ms  which  is  evidendy  mirrored  by  similar  features  in  the  pressure  response  (Fig.  2a). 
Wc  have  been  able  to  describe  the  presswe  response  empirically  in  terms  of  three  second 
order  response  funedons^  one  of  which  is  cridcally  damped  or  first  order  the  others  with 
natural  frequencies  of  150  and  450  Hz.  Simuladon  of  the  system  has  shown  that  die 
oscillatory  components  arc  effects  arising  from  compression  of  fluid  in  the  pipes^.  If  F(t) 
is  the  response  to  a  step  funedon  wc  can  obtain  die  response  to  a  unit  impulse  by 
dift'erendadon  and  then  obtain  the  frequency  response  by  one  sided  Fourier  transform^  . 
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P(Cd)  =  (1) 

0 

Transformed  in  this  way  the  data  clearly  show  the  two  resonances  at  -ISO  and  450  Hz 
and  these  become  even  more  distirxt  when  the  data  is  plotted  as  a  spectral  density  Sp(0)) 
=  P(a))P*(to)  v/herc  the  asterisk  denotes  the  complex  conjugate  (Fig.  4).  Treated  in  the 
same  way  Ute  current  also  shows  these  peaks  and  in  this  work  we  have  attempted  to 
characterise  this  coupling. 


1/Ht 


Fig.  4  Comparison  of  ,s|«ctral  densities  obtained  for  valve  A  operated  at  1200  V  and  a  flowrate  of 

9Utinin"*.  Current  I  -  (1  aib.  unit  =  mA^)  .PressureP - (1  arb.  unit  =  bur^ ) 

and  dP/dl  . (1  arb.  unit  =  10'^  bar^  s'^ ). 
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Fig.  S  Pressure  (1  arlj.  unit  =  bar) - i  ad  current  (1  atb.  unit  =  mA) 

. before  removal  of  tfie  gear  pomp  ripple. 

Returning  now  to  titc  curicnt  response  to  a  step  input,  our  model  also  assumed  a 
generalised  conductance  associated  with  the  linearised  resistance  r  in  Fig.  3  and 
defined  in  a  similar  manner  to  Eq.  (3).  At  shorter  times  (0  -  10  ms)  S'"  must  be 
genet  alised  to  a  time  dependent  fonn  to  account  for  the  background  drift  and  necessitates 
tlic  introduction  of  two  more  parameters  ;  Eg*  associated  witii  the  magnitude  of  the  effect 
(roughly  a  third  of  5*)  and  X2  is  a  timeconstant  We  shall  label  the  current  density 
derived  from  tliis  model  1^(0  and  in  rc.sponsc  to  a  step  in  the  field  strength  E  our 
original  modcl^  took  tlic  form 

iE(t)  =  (E  ^  Eo)2  [  (S*  -  5o*cxp(-l/C2) )  +  +  C*)^  3 

where  1  l(t')  is  the  S  Icavysidc  step  function  ar.d  C*  is  tlic  linetu'  capacitance  reduced  by  tlic 
valve  dimensions 


(7) 
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2, 1'iic  Klocli'ical  Mudul 

2.1  Original  Farm 

Tlic  circuit  ill  Fig.  3  lias  licen  found  to  account  very  well  for  the  basic  form  of  the 
cuiTciit  response  in  both  the  time  and  frequency  domains^.  For  a  voltage  step  input  this 
circuit  initially  draws  a  lai'ge  cuitciU  to  charge  the  capacitance  C.  The  current  then  decays 
to  a  "steady  state"  detcriiiined  by  R  at  a  rate  controlled  by  C  and  the  siiiallcf  resistance  r. 
Although  thi.s  circuit  can  qualitatively  model  the  main  features  of  the  valve  current 
response  we  have  found  that  a  more  general  description  incorporating  parameters 
invai'iaiit  with  valve  size  requires  tlic  use  of  non-linear  rcsistancc.s.  In  addition,  the 
detailed  form  of  the  initial  current  decay  has  been  found  to  be  affected  by  this  non¬ 
linearity.  Furthermore,  after  the  initial  response  tlie  cunent  increases  slowly  to  a  plateau 
and  to  account  fur  tliis  tlic  main  resistor  R  must  be  made  time  dependent.  In  spite  of 
these  complications,  for  small  biased  voltage  .steps  or  sinusoidal  voltage  inputs,  linear 
resistances  can  be  found  that  will  adequately  dc.scribc  the  rcspon.se  for  most  engineering 
purposes. 

2.2  Frcsxurc  Couptinii 

We  arc  primarily  interested  here  in  die  coupling  between  pressure  and  cunent 
associated  with  the  features  around  1 50  and  450  Hz.  I  lowcvcr,  we  pause  briefly  to  set  the 
scene  by  ertumining  the  steady  state  and  to  establish  the  magnitude  of  relationships  in  this 
case.  Steady  state  results  show  that  the  current  and  pressure  botli  increase  non-lineaiiy 
and  monotoiiically  as  the  applied  field  incrcascs^.^.  Since  die  prc.ssure  difference  across 
an  ER  valve  is  propoitioiial  to  its  length  1  an  appropriate  measure  for  tliis  change  is 

Kill's;  (2) 

where  the  current  density  (current  divided  by  valve  area)  cliangcs  by  an  amount  Ai  for  a 
change  in  pressure  AP.  In  our  previous  study2,  steady  slate  measurements  sliowcrl  that 
above  a  thrcsliulcl  field  Eq,  determined  from  steady  state  results,  the  current  drawn  at  long 
times  (>0.75  s)  depends  upon  the  square  of  the  applied  field  E.  For  the  cunent  density  i 
this  is  cliaracterised  by  a  noii-llncar  conductance  coefficient  E*. 

i=:E*(ri-t:„)2  ;  F.>E„  (3) 

Where  the  asterisk  denotes  iinaiititic.s  rcducerl  with  respect  to  the  valve  dimensions. 
The  rclaiionsliip  hclweeii  the  steady  state  pre.ssnrc  and  current  tlen.sity  at  constant  tlowiate 
can  then  he  de.scribed  hy^ 
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where  pi*  and  P2*  aie  coefficients.  Neglecting  the  first  term  the  value  of  Kq  for  high 
field  strengths  is  then  given  approximately  by 


(5) 


Wiili3  p2*  ~  10  bar  in  MV'^  and^  H*  ~  70  mA  MV‘2  this  gives  a  steady  state  value  of 
the  constant  as  Ky'**  ~  7  mA  bar-'  in"'  at  nominally  constant  flowrate  (there  is  some 
tiependenee  of  flow  on  field  due  to  pump  slippage)  and  changing  field.  We  also  find  that 
for  a  given  field  strength  an  inurease  in  flow  rate  results  in  a  decrease  in  the  field  induced 
pressure  across  the  valve  and  a  decrease  in  the  cunent  drawn.  For  valve  A  at  E  =  2.4  MV 
m" ' ,  AP  is  about  1  bar  and  Ai  is  roughly  25  mA  m"^  giving  a  Ky  value  of  2.5  mA  bar" ' 
m"'  for  changing  flow  and  constant  field.  In  this  case  it  is  not  possible  to  .say  wliat 
portion  of  the  change  in  cunent  is  flowrate  or  pressure  determined. 


From  Fig.  2  it  can  be  seen  tliat  Uie  interference  from  tltc  pressure  response  is  cither 
negative  or  abouv  180^  out  of  phase  with  the  pressure.  Tltc  flow  to  these  valves  was 
supplied  by  a  gear  pump  and  the  raw  data  for  these  results  contains  a  pressure  ripple 
caused  by  engagement  and  disengagement  of  the  gears.  Tltc  current  also  contains  this 
frequency  but  again  the  phase  is  shifted  by  a  half  cycle  Fig.  5.  This  ripple  was 
unimportant  for  tltc  low  flow  rate  and  because  our  results  are  averaged  over  five 
individual  steps  the  cycles  sometimes  cancel.  Where  important  tlicy  were  removed  from 
tltc  data  (as  in  Fig.  2)  by  fitting  a  sinusoid  at  long  times  and  then  subtracting  a  curve  with 
the  same  paiumciers  from  the  whole  response.  In  tltc  frequency  domain  it  could  be  seen 
tiiat  a  peak  at  the  pump  frequency  was  removed  while  not  disturbing  the  remaining  shape. 
From  llic  parameters  obtained  witli  pump  frequencies  at  156  and  255  Hz  (corresponding 
to  noiniiid  fluid  flow  rates  of  9  and  15  lit  min"'  respectively)  we  find  tlie  phase 
difference  ^  =  2.96  i  0.33  radians  and  the  ratio  of  amplitudes  rationalised  by  valve 
dimensions  is  K(  =  0.97  i  0,33  mA  bar"'  nr',  'flicrc  was  no  observable  dependence  on 
frequency.  Tltc  dynamic  coupling  constant  K  i  has  the  same  units  as  steady  state  constant 
Ky  but  is  significantly  smaller  than  cither  of  tiic  values  wc  have  obtained  for  Uiat 
constant.  In  addition  the  phase  angle  is  near  k  radians  and  if  set  to  zero  the  best  fit 
magnitude  of  Kj  would  lx:  negative.  Tliis  may  indicate  that  a  diffcreiu  mechanism  is 
operating  in  the  dynamic  case. 
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l^or  the  non  linciir  conductivities  the 

-*=-A 

The  second  term  in  Et^.  (6)  is  unfamiliar  because  of  the  non  linear  nature  of  the 
response.  By  analogy  with  the  exponential  response  obtained  from  the  lineariscii  solution 
a  time  constant  X]  can  be  defined  by 


comparable  uansforination  is 
„h2 


C* 

°  24*(E-Eo) 

An  initial  attempt  to  include  the  pressure  response  involves  a  simple  linear  perturbation 
de.scribcd  by  a  coefficient  Kj  which  for  our  results  (assuming  zero  phase  shift)  has  been 
negative 


iu'(‘)  =  ‘e  (0 


(10) 


v.'ltcre  ij,(t)  is  the  original  model  current  response.  The  modified  current  density  i|3,(t)  is 
calculated  according  to  this  new  model  and  compared  with  the  observed  response  for  each 
valve  while  the  parameters  arc  varied  as  part  of  a  fitting  procedure  using  a  Nelder-Mead*’ 
routine  until  tiie  best  fit  in  a  least  squares  sense  is  obtained. 


This  modified  model  gives  some  improvement  in  the  fit  over  the  original  form  but 
it  can  be  seen  from  Pig.  2  that  the  oscillations  in  the  current  response  arc  not  always 
coincident  with  those  in  the  pressure  and  the  depth  of  the  troughs  are  also 
incommensurate.  Furthermore,  K)  obtained  in  this  way  is  negative  and  since  the  pressure 
at  long  times  is  always  positive  tliis  would  imply  a  negative  steady  state  contributiuii  to 
the  currenL  Our  examir^don  of  the  steady  state  above  found  that  Kg  was  positive 
whctlicr  measured  at  constant  field  or  constant  flow  and  we  found  no  evidence  of  a 
negative  contribution.  Alternative  or  additional  contributions  to  the  dynatnic  response 
were  therefore  sought  Since  the  pressure  response  may  be  described  as  a  sum  of  three 
components^  it  is  possible  that  tlie  current  is  .sensitive  to  only  one  or  two  of  them  or  to 
some  linear  combination.  Some  improvement  in  the  fit  was  obtained  by  using  ihis 
inctiiod.  However,  more  success  was  enjoyed  by  including  a  term  in  the  time  differential 
of  tlic  prcssui'c.  This  has  die  effect  of  sliifting  the  phase  of  any  oscillatory  components  by 
90°  and  it  is  also  significant  that  this  term  makes  no  contribution  at  long  times 


1  -  + 


Ki 


AP  + 


K?  dAP 
I  di 


(11) 


430 


The  flow  input  to  the  system  is  conuolled  through  the  gear  pump  drive  speed 
wiiicli  is  maintained  constant  to  within  +  0.5%  by  means  of  a  DC  tach/thyristoi. 
Neveitlicless,  wlien  tlie  valve  i"  energised,  flo'd  compresses  in  the  upsucam  pipe 
(connecting  valve  to  pump)  anu  decompresses  downstream  (leading  to  the  re.servoir) 
resulting  in  transient  changes  in  flovvrate  tluough  the  valve.  Some  compression  also 
occurs  in  the  valve  itself  altering  tfic  density  and  contributing  to  the  How  change.  The 
pipes  and  valve  form  a  coupled  sysioin  which  responds  in  a  complicated  way'"’.  However, 
these  changes  are  all  related  to  the  pressure  tlirough  expressions  of  the  form 


Q  = 


p  dt 


(12) 


where  P  is  the  bulk  modulus  or  the  reciprocal  compressibility  and  V  is  the  volume  of  the 
component.  Tltcrc  is  thus  seine  justification  in  introducing  a  differential  term.  Over  the 
full  range  of  valves  studied,  Eq.  (1 1)  is  generally  more  successful  than  Eq.  (6)  in  fitting 
the  data.  However  a  further  improvement  is  obtained  by  including  a  small  time  delay  St,,, 
in  the  differential  term  giving 


i(t)  =  io(0  + 


(13) 


The  physical  basis  for  this  delay  is  pre.sently  obscure  but  the  in  many  cases  the  fit  is  now 
exceptionally  good.  'Ilte  inclusion  of  a  time  delay  in  the  pressure  component  did  not  lead 
to  any  iinprovement.  As  we  have  seen,  oscillations  in  the  cuirent  arc  almost  180°  oul  of 
phase  with  the  pressure  and  differentiating  the  pressure  gives  •’  phase  shift  of  90°,  llic 
shortfall  is  taken  up  by  5t^ .  Attempts  to  use  the  second  differential  of  the  prcssuic  (which 
sliifts  the  phase  by  1 80°)  were  not  so  successful  and  required  the  inclusion  of  a  small  lime 
advance  in  most  ca.ses.  Having  followed  this  route  wc  found  in  practice  that  the  term  in 
the  time  derivative  is  quite  sufficient  and  that  inclusion  of  tlic  pressure  term  is  in  fact 
unnecessary.  When  included  it  converges  to  a  relatively  large  contribution  but  generally 
makes  an  insignificant  improvement  according  to  tlic  least  squares  criterion  indicating 
that  the  fit  is  ovcrdetermiiied.  For  this  reason  and  in  view  of  die  positive  ratJici  tlian 
negative  pressure  coupling  coefficient  seen  at  steady  state  as  outlined  above  wc  quote 
results  for  Kj  =  0  in  Table  2  and  give  for  comparison  only  the  mean  values  obtained  for 
the  full  Eq.  (13)  in  Table  3.  Since  dAlVdt  =  0  as  t  ->  oo  our  original  estimates  of  E*  arc 
undisturbed  for  Kj  =  0  while  die  inclusion  of  a  pressure  term  leads  to  an  interaction  with 
5*.  Examples  of  die  fils  obtained  are  shown  in  Figs.  6a  and  6b.  Further  details  of  the 
procedure  arc  given  below. 
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3.  Results 

Fitting  Eq.  (13)  at  the  same  time  as  Eq.  (6)  involves  the  determination  of  8 
parameters:  H*.  Hq*,T2,  C*,  Kj,  K2  and  Sgi,.  As  we  have  already  discussed,  Kj  was 

later  found  to  be  superfluous  but  the  resulting  7  parameters  obtained  from  unconstrained 
tits  on  all  valve  data  were  ncvcrtlieless  ratltcr  scattered.  The  slow  background  rise  in 
current  has  been  modelled  here  as  an  exponential  with  time  constant  T2  but  it  probably  has 
a  more  complex  form.  We  found  that  uncertainty  in  this  parameter  sometimes  interfered 
with  determination  of  the  fast  component  and  was  a  major  cause  of  uncertainty  in  the 
other  parameters.  Unconstrained  fitting  gave  an  average  value  of  around  3.5  ms  for  12 
and  for  the  results  quoted  here  it  has  been  held  constant  at  that  value.  This  artifice 


Table  2 .1  Parainelers  derived  from  step  function  analysis  Eq.  (1 1)  willt  Kj  =  0  :  low  field  1.2  MV  nr*. 
Mean  and  standard  deviation  excludes  value.s  at  zero  flow  rate. 


Vtdve 

Q/ 

Lit 

min'* 

<U>/ 

ms‘* 

mA 

MV-2 

mA 

MV-2 

mA 

MV-2 

c’/ 

nFm‘* 

ms 

K,/ 
nAs  in 
bar* 

5.<Ui/ 

ms 

A 

0.0 

0.0 

43.9 

7.04 

339.1 

0.104 

0.128 

0 

. 

3.0 

0.276 

70.2 

24.1 

306.0 

0.17 

0.308 

822 

0.468 

9.0 

0,828 

78.2 

36.0 

331.5 

0.137 

0.190 

656 

0.329 

1.5.0 

1.38 

• 

• 

- 

- 

• 

- 

- 

B 

3.0 

0.276 

68.1 

.56.6 

307.9 

0.24 

0.44 

695 

0.229 

9.0 

0.828 

. 

. 

- 

- 

. 

1.5.0 

1.38 

• 

■ 

• 

■ 

• 

■ 

- 

C 

3.0 

0.138 

50,4 

34.5 

117.0 

0.17 

0.78 

1053 

0.225 

9.0 

0.414 

- 

. 

- 

- 

. 

15.0 

0.69 

• 

- 

- 

- 

- 

- 

• 

D 

3.0 

0276 

. 

. 

_ 

. 

9.0 

0.828 

55.6 

31.8 

483.4 

0.13 

0.18 

647 

0225 

15.0 

1.38 

51,0 

28.4 

296.8 

0.U3 

0.32 

369 

0.198 

E 

3.0 

0.184 

64.1 

48.7 

195.2 

0.22 

0.55 

1360 

0.523 

9.0 

0.5.52 

- 

- 

- 

- 

- 

. 

. 

15.0 

0.92 

- 

- 

- 

- 

- 

- 

- 

Mean 

62.5 

36.7 

291.2 

0.169 

0.40 

825 

0.314 

3.D. 

iO.5 

12.1 

1 14.5 

0.047 

0.21 

321 

0.13 
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Ial'lt-2b  Parainciers  derived  from  step  function  analysis  Eq.  (1 1)  with  K|  =  0  ;  liiglt  field  E  =  2.4  MV 
in'  *  .Mean  tind  standard  deviation  excludes  values  at  zero  flow  rate. 


Valve 

Q/ 

Lit 

min'* 

<U>/ 

ms'* 

mA 

MV'*i 

—  {/ 

mA 

MV 

mA 

MV'2 

c’/ 

nFm'* 

nis 

K?/ 
nA  s 
bar'* 

ins 

A 

0.0 

0.0 

60.35 

15.1 

201.3 

0.13 

0.134 

0 

. 

3.0 

0276 

72.4 

18.4 

147.8 

0.134 

0.321 

1048 

0.320 

9.0 

0.828 

76.5 

22.9 

202.3 

0.124 

0.147 

607 

0.322 

l.'i.O 

1.38 

84.7 

26.0 

134.0 

0.103 

0.213 

710 

0.345 

E> 

3.0 

0.276 

67.5 

22.9 

70.0 

0.143 

0.493 

1698 

0.375 

9.0 

0.828 

57.7 

14.5 

314.8 

0.10 

0.089 

803 

0.199 

1.3.0 

1.38 

49.3 

20.2 

334 

0.144 

0.14 

608 

0,197 

C 

3.0 

0.138 

88.6 

1.37 

183.9 

0.09 

0.119 

917 

0.325 

9.0 

0,414 

66.5 

11.8 

53.5 

0.13 

0.542 

783 

0.147 

15.0 

0,69 

60.2 

5.49 

130.3 

0.093 

0.1.59 

830 

0.219 

D 

3.0 

0276 

61.0 

14.6 

345.1 

0.117 

0.078 

1239 

0.125 

9.0 

0.828 

65.3 

22.1 

113.9 

0.105 

0239 

1186 

0.337 

15.0 

1.38 

66.3 

2Z1 

4.50.4 

0.092 

0.057 

996 

0.231 

E 

3,0 

0.184 

69,3 

21.4 

98.0 

0.119 

0.283 

1570 

0.276 

9,0 

0.552 

62.8 

22.7 

230.0 

0.152 

0.162 

1012 

0209 

15.0 

0.92 

,58.9 

21.0 

233.4 

0.126 

0.143 

736 

0.222 

Mean 

67,0 

17.8 

202.8 

0.118 

0212 

983 

02.5o 

S.D. 

10.6 

7.0 

115.0 

0.020 

0.144 

326 

0.077 

laVlk Me  .  _3nK  -uned  for  fits  of  Ki  and  Ko  (Eg.  13) . 


1 

11*'  ■ 

K  V  2 

sV 

ntA 

MV-2 

4*cn 

/ 

mA 

MV'2 

C  , 
nFm' 

1 

^1/ 

ms 

Ki/ 

mA 

m'* 

bar'* 

K,/ 

nAs 

m'* 

bar’* 

«sh/ 

ms 

Mean 

Low 

94.7 

33.4 

322,4 

0.131 

0213 

0.895 

551 

0.149 

S.D. 

18.4 

10.8 

134.2 

0.050 

0.073 

0.18 

347 

0.099 

Mean 

High 

81.1 

17.3 

2.54.0 

0.089 

0.136 

0.586 

745 

0.219 

S.D. 

8.09 

6.18 

205.8 

0.027 

0.104 

0.17 

220 

0.078 
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considerably  improved  the  grouping  of  other  parameters.  The  prcs.surc  differential  was 
obtained  numerically  which  is  an  operation  that  can  generate  considerable  noise.  Tlic 
result  was  therefore  further  processed  using  a  low  pass  Butterworth  filter  with  a  cuttoff  at 
1000  Hz  before  use.  Care  was  taken  to  ensure  that  this  process  did  not  inUoduce  any 
spurious  time  delay, 

The  observed  ciiaent  response  is  of  course  dependent  upon  tlie  form  of  the  input 
volutge.  Tliis  is  in  most  cases  a  good  approximation  to  a  step  function  but  includes  a 
small  rise  time  of  around  0.15  ms  (Fig.  ib).  We  have  previously  shown(2)  how  to  deal 
with  this  strictly  in  the  non-linear  regime  using  a  Rungc  Kutta  solution  to  the  diffeicntial 
equations  but  the  procedure  is  laborious.  Deconvolution  of  the  observed  response  witli  the 
time  derivative  of  tlic  voltage,  altliough  not  suictly  applicable,  is  probably  an  acceptable 
approximation,  but  tlie  voltage  step  is  in  most  cases  so  near  to  ideal  that  we  can  account 
equally  well  for  the  imperfection  by  the  incorporation  of  a  small  time  delay  of  0,15ms. 
litis  coiTcction  was  not  included  in  previous  determinations.  Tliis  and  tlie  addition  of  the 
new  pressure  coupling  term  has  had  tlie  effect  of  reducing  the  value  of  in  most  cases. 
Tlie  new  values  of  now  agree  more  closely  with  those  obtained  previously  from  daUi  in 
the  frequency  domain.  Determination  of  the  electrical  constants  is  also  hindered  because 
the  available  data  was  truncated  at  a  preset  cuiTcnt  value  for  operational  reasons,  lliis 
means  that  the  maximum  current  drawn  in  the  initial  peak,  which  is  directly  related  to  f,*. 
is  often  unknown.  Fitting  to  the  remaining  portion  of  tlic  response  docs  give  an  estimate 
of but  tlic  additional  pressure  conu-ibution  sometimes  drowned  tlic  available  data  in 
this  region  making  a  detennination  of  this  parameter  difficult  or  impossible.  Some  results 
in  tlie  scries  have  been  omitted  for  this  reason,  llicrc  were  also  some  results  (in  particulai- 
those  for  valve  C  -  the  widest  gap)  for  which  the  pressure  response  is  relatively  smooth. 
The  pressure  coupled  features  in  the  current  response  for  these  traces  were  consequently 
inadequate  for  a  reliable  identification  of  the  parameters  and  these  results  have  also  been 
omitted.  Nevertheless,  it  is  worth  noting  that  good  fits  to  these  current  responses  could  be, 
obtained  using  average  parameters  derived  from  the  oUie.-  results.  Values  of  all  tlic 
parameters  obtained  are  collected  in  Tabic  2.  Tliey  arc  mostly  comparable  to  those 
reported  previously^  but  changes  arc  discussed  below.  The  estimates  of  where 
obtainable,  are  scattered  but  consi.stcnUy  higher  for  the  lower  field,  lliesc  arc  plotted  in 
Fig.  7  against  the  mean  nominal  (i.c.  initial)  flowrate  estimated  from 


<U>  = 


9L 

Ah 


(U) 


435 


Fifj  7.  4*  plotted  agiiiiist  tlio  mean  flow  rate  <U>. 

valve  A ,  valveB.  valveC,  valvcU,  valvcE. 
Umpty  symbols  E  =  12  MV  m"*.  filled:  E -2.4  MV  m"'. 


I-’or  valve  A  apuratiiig  at  zero  flowrate  tile  peak,  current  was  available  and  these  estimates 
of  1^*  aic  probably  tlic  most  reliable.  It  is  not  possible  to  detect  any  sigiiiTicant  flow 
dependence  of  tiiis  parameter  above  tlic  experimental  noise  and  mean  values  agree 
reasoiiably  well  witli  tlic  zero  flow  detennination.  In  an  attempt  to  overcome  tlic  problem 
of  truncated  data,  fits  were  also  carried  out  witli  pegged  at  the  zero  flow  value, 
llowevcr.  tliis  did  not  produce  any  significant  changes  or  statistical  improvement  in  the 
parameters.  Mean  values  obtained  in  tliis  exercise  are  presented  in  Table  4. 

The  now  results  of  tliis  study  are  values  of  the  parameters  K2.  Despite  cosidcrable 
scatter,  tlicsc  bdiavc  in  a  consistent  way  when  plotted  against  tlic  mean  flow  rate  (Fig.  8) 
and,  taken  togctlicr,  suggest  tiiat  tlicre  is  a  small  decrease  in  magnitude  as  tlic  flow  rate 
increases.  Within  tlic  accuracy  of  tliis  determination  these  parameters  have  no  clca.'- 
dependence  on  valve  dimensions.  Tiic  mean  value  of  K2  is  about  1  (xA  s  nr*  bar"*. 
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Tabli:  4,  Mciui  vaJues  obtained  for  Tits  widi  field  constant  at  the  zero  Q  value. 


Field 

iiiA 

MV"2 

mA 

MV-2 

/ 

inA 

MV-2 

C*/ 

nFin" 

1 

tj/ 

ms 

K,/ 

nAs 

in'* 

bar"* 

Ssh/ 

ins 

Me.'ui 

Low 

64..S 

32.6 

339.0 

0.1.68 

0.29 

741 

0.304 

S.D. 

9.9 

12..S 

0.0 

0.0.60 

0.093 

271 

0.112 

Mciui 

Idgh 

67.1 

18.1 

201,C 

o.n 

0.134 

1031 

0.22 

S.D. 

10.6 

7.2 

0,0 

0.023 

0.04 

436 

0.083 

Results  from  the  pump  ripple  analysis  gave  Kj  -  1.0  inA  bar"*  m"*  with  a  phase  shift  of 
about  1  HO'’.  In  tlic  frequency  domain  multiplication  by  angular  frequency  is  the  same  as 
taking  the  time  derivative,  hence  for  pump  frcquccies  between  50  -  250  Hz  the 
equivalent  value  of  K2  is  0.6  -  3.0  |iA  s  bar"*  m"*.  Iliis  straddles  Lite  values  wc  have 
obtained  from  the  dine  response  and  indicate  a  common  cause. 


I'ig.  S.  Coupling  pnjrunctcr  K2  vs,  <U>  .  Symbols  as  Fig  7. 


1 


Despite  a  laige  degree  of  scatter  tlie  time  delay  St^,  appears  to  be  roughly  constant 
when  plotted  against  mean  flowrate  (Fig.  9).  The  origin  of  tltis  delay  cannot  be  clearly 
ascertained  from  this  study  but  it  is  probably  related  to  the  time  taken  for  the  new  flow 
pattern  to  be  established  appearing  tiirough  Q  in  Eq.  (12).  VVe  have  recently  carried  out 
simulations'*  which  suggest  a  response  time  of  this  order  for  an  incompressible  fluid. 

Tlte  pressure  coupling  causes  some  modification  in  values  for  the  capacitance  which 
arc  rather  lower  than  tliosc  previously  determined  as  aie  values  of  ^*.  Decay  times  xj  arc 
about  tltc  same  and  are  generally  faster  at  high  field  strength  (Fig.  10). 


(0 

E 

•«s 


■<U>  /  m  8"* 


Fig.  9.  Time  delay  Sijjj  vs.  <U>  .  Symbols  as  Fig.  7. 


4.  Conclusions. 

We  have  demonstrated  the  existence  of  a  dynamic  counling  Iwtwccn  pressure 
and  el«.-trical  current  in  a  flowing  clectiorhcological  system.  We  find  that  tliis  can  be 
characterised  by  a  linear  term  in  the  lime  diffcrcmiai  of  the  pressure  (Eq.  13)  which  could 
be  phenomenologically  related  to  tlie  changes  in  tlic  flow  rate.  Tlic  inclusion  of  the  term 
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in  tile  pressure  leads  to  a  negative  value  of  K]  which  would  be  inconsistent  with  oui 
findings  for  the  steady  state  that  indicate  a  positive  coupling  constant.  We  conclude  tliat 
any  coupling  directly  to  tlic  precst're  is  comparatively  slow  and  that  for  shon  times  K]  = 
0. 


<U>  /  m  6-^ 

I'ig.  10.  Time  cunsliuit  ri  (Exj.  (9))  vs.  <U'.».  Symbols  as  Fig.  7. 

Our  finduigs  modify  an  earlier  modcl^  for  the  cuirent  response  witlt  the  addition  of 
a  new  term  dcjjcndcnt  on  tltc  pressure  resironsc.  New  parameters  have  been  obtained  for 
tlic  range  of  valves  .studied.  Ilicsc  have  been  derived  under  realistic  operating  conditions 
and  behave  iij  a  consistent  way.  Despite  Utc  large  degree  of  scatter  tlicy  should  prove 
useful  in  tlie  design  and  control  of  futiuc  clcctrorhcological  valves.  In  Table  2  we  give  the 
average  values  of  tlicse  quandties  for  this  puritose.  A  comparison  of  these  results  with  the 
l.<cluviour  of  valves  using  different  ER  fluids  would  now  be  a  useful  extension  of  tliis 
work. 


The  conduedvity  of  ER  fluids  may  dci?cnd  upon  a  vaiicty  of  phenomena^.  In  the 
water  containing  fluid  considered  here,  charge  transport  is  likely  to  be  mediated  by  ionic 
charge  carriers  but  die  conduedvity  may  al.so  be  affected  by  near-wall  electrode 
processes,  ciiaractcrisdcs  of  die  inicrfacial  region  and  impuridcs  in  the  dispersing  fluid. 
In  addition,  tlie  field  induced  fibrillatcd  .structure^  of  die  fluid  is  certain  to  play  an 
impoi  tanl  role.  Indeed,  the  square  law  cunent  -  voltage  ciiaractcrisdcs  of  most  fluids  arc 
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most  easily,  albeit  superficially,  explained  in  terms  of  a  conducbvity  related  lo  some 
aspect  of  the  structure  that  depends  linearly  upon  the  field.  Pressure  and  flowrate  changes 
may  affect  the  transport  of  electricity  cither  dirough  these  structural  effects  or  by 
inducing  changes  in  any  of  the  other  contributing  procc.sses. 

We  ha''e  shown  that  the  steady  state  current  and  pressure  are  linked  and  that  the 
dynamic  current  response  includes  a  component  that  reflects  the  pressure  changes  through 
the  time  differential  dP/dt.  Our-  evidence  suggests  that  a  direct  link  between  tile  dynamic 
pressure  P(t)  and  tlie  current  i(t)  is  less  tenable.  We  have  seen  that  pressure  transients  can 
be  linked  to  transient  changes  in  flowrate  and  it  is  difficult  on  the  basis  of  this  experiment 
alone  to  determine  which  effect  is  phenomenologically  responsible  for  the  coupling. 
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Properties  of  Electrorheological  (ER)  Fluids 
Under  Periodic  Deformation 

W.I.Kordonsky,  A.D.Matsepuro,  S.A.Demchuk,  Z.A.Novikova 

Luikov  Heat  and  Mass  Transfer  Iiistitutc,  Academy  of  Science,  Minsk,  Belarus 


Tlie  progress  in  the  uvcrwheltning  majority  of  tire  brancltcs  of  science  and  tecimology 
is  mainly  determined  by  designing  new  liost  stmctural  materials  resistant  to  vibration, 
including  composite  ones  that  have  the  ability  to  change  their  mechanical  characteristics  in  real 
lime  because  oftlic  altered  operating  conditions. 

Of  late,  the  considerable  cfTorts  of  researchers  have  been  aimed  at  designing  composite 
mutcrials,  including  the  so-callcd  ''intelligent"  fluids.  Among  these  arc  the  UK.  fluids  capable  of 
shaipiy  cliangittg  their  mechanical  properties  (ctfective  viscosity,  elasticity)  at  electric  field  for 
the  time  of  an  order  of  10"^  s.  The  possibility  to  control  the  viscopluslic  UR  fluid  properties 
over  a  wide  range,  on  tire  one  iiand,  and  the  simplicity  in  manufacturing  an  eicctiic  field 
inductor,  on  tite  other  hand,  allow  simple  and  reliable  vibration  isolation  designs  containing 
UK  fluid  domains  as  a  composite  element  to  be  developed.  Artiong  these  Is  the  so-callcd 
sandwich-clcmcin,  whose  schematic  is  shown  in  h'lg.  /.  Such  a  device  is  composed  of  two 
flexible  electrodes  shaped  as  flat  elastic-tnalerial  plates,  with  an  UK  fluid-filled  gap  in  between. 
Under  the  action  of  the  external  force  there  occurs  elastic  dcforinaiioit  of  lire  electrodes, 
resulting  in  shear  deformation  of  an  UR  fluid  domain.  For  such  a  sandwich  to  opeirde 
profitably  as  a  composite  material  element  wills  adaptive  vibration  isdlation  parameters  the 
fundamental  mechanical  properties  of  the  EK  fluid  must  br  knowis  under  diffci  cnt  deformatiotr 
conditions.  Tliis  has  provided  the  subject  matter  for  the  present  study. 
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In  experiments,  piullicompoiicnl  ER  fluids  were  studied  when  all  their  components 
were  varied.  Different  natural  and  artificial  adsorbents  served  as  a  dispersed  phase  Optimal 
component  proportions  were  chosen 

Experimental  study  of  the  mechanical  properties  of  ER  fluids  was  made  under  tlie 
cuitditions  of  periodic  small-amplitudc  deformation  using  the  classical  sciteme  of  a  vibi  ating 
cantilever  repiescnting  u  jandwich  composed  of  two  clastic  plates:  electrodes  and  tliin  ER 
fluid  domain  in  between.  The  plate  size  was  (2x20x220)mm,  the  test  ER  fluid  domain 
thickness  was  about  0. 1  mm 

Oiic  end  of  such  a  sandwich  was  rigidly  clamped  by  means  of  a  special  faeility 
provided  with  electrode  leads  and  with  an  ulccti'umugnctic  actuator  aitd  inductive  probes 
mounted  near  a  free  sandwich  end.  I'hus,  the  “vibraling-rccd  method"  was  lealizcd,  i  e  .  use  of 
a  sample  shaped  as  a  flat  long  plate  with  one-side  embedding  and  excitation  of  free  end 
vibrations. 

Eacillties  for  exciting  vibrations  and  recording  a  system  response  to  them  are  tite 
essentials  of  a  design  of  suiulwich-type  systems. 

Tlie  sclicmatic  of  the  experimental  setup  is  shown  in 

Electromagnetic  excitation  of  sandwich  vibrations  was  performed  by  an 
ulcctroinagnetic  actuator.  A  sandwich  vibration  amplitude  was  recorded  by  the  inductive 
|)i'obcs,  whose  amplified  signals  were  sent  to  the  oscillograpli  screen  and  the  digit  voltmeter. 
I'ltc  assembled  sandwich  was  placed  into  a  heal  insulating  chamber.  This  provided  a 
possibility  of  making  studies  over  a  wide  range  of  tumpeiaturcs,  both  plus  and  minus 

In  experiments,  measurements  were  made  of:  shear  storage  iitodulus  (C)  anil  shear 
loss  factor  (ii)  of  the  ER  fluid  domain  under  periodic  deformation  Tlie  behaviour  and  strength 
of  an  electric  field,  ER  iluid  composition,  HR  fluid  domain  thickness  and  temperature, 
vibration  frequency  and  sandwich  design  were  varied.  The  resonance  frequency  sltift  and 
resonance  peak  width  were  weasured,  quantities  G'  and  q  were  calculated  by  the  method  of  A 
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Nasliif  cl  al.  (A.Nashif,  D  Johncs.  J.Hcnt’.erson  "Vibration  Damping",  John  Willy  Sons,  1^85. 
New  York), 

In  the  first  set  of  experiments,  about  40  ER  fluid  samples  were  tested  to  determine  an 
optimal  ER  fluid  composition,  Soine  results  are  cited  in  Table  1.  Experiments  were  made  at 
room  temperature  when  the  electric  field  strength  and  the  force  causing  vibrations  were 
varied.  Having  processed  the  obtained  results,  a  more  narrow  set  of  compositions  was 
determined  for  further  studies.  In  addition  to  good  efficiency  (substantial  resonance  frequency 
shift  and  sandwich  vibration  amplitude  decrease  under  the  imposition  of  an  electric  potential) 
the  selected  compositions  yielded  good  result  reproducibility  -  return  to  the  original  (initial) 
state  at  field  cutoff  (return  of  a  resonance  frequency  to  its  initial  value  before  field  eutin) 

In  the  second  set  of  experiments,  the  G'  and  q.  dependences  of  the  field  behaviour  and 
strength,  UR  fluid  domain  thickness,  sandwich  design,  and  vibration  frequency  over  a  wide 
tentperature  range  were  investigated  ( '  50  'H'  to  -30  t-'C). 

I'igutes  3  through  0  present  the  graphical  iiucrprctation  of  the  mechanical  UP  fluid  '''• 
propel  ties  (sec  Table  /),  In  pai  tieular,  Eigut  e  3a,b  plots  (j  and  q  as  functions  of  electiic  field 
strength  at  room  temperature  mid  natural  vibration  frequency  of  18  llz  (ER  fluid  domain 
thickness  is  0. 15  mm). 

As  seen,  with  growing  the  eloctric  field  .strength  in  a  gap  shear  .stoiagc  modulu.s,  (i', 
increased  16,9  times  simultaneously  with  decreasing  shea'  loss  factoi,  ii,  3  o  times  The  lattei 
was  caused  by  reinforcing  the  ER  fluid  stiuctuic  with  the  field  growth  and  shear  flow  energy 
dissipation  reduction.  As  tliis  look  piacc,  the  system  reversibly  shifted  in  a  lesonunce  vibration 
frequency  by  10-12  Hz  at  a  vibration  amplitude  dccrea.sc  and  eonsliluled  28-30  Hz,  i  e  ,  the 
system  liccamc  more  "stiir'.  The  field  eutolV  biouglu  the  resonance  frequency  and  vibration 
amplitude  back  to  their  original  values,  file  elfeetive  action  of  d  c  and  ae  fields,  all  mhei 
things  being  equal,  pointed  to  a  great  (  10-12%)  eftieieiicy  of  the  d.c.  field. 

Figure  4  illustrates  the  electric  fichl  action  on  the  resonance  ficqucncy  shift  al  dift'erem 
lesonaiiec  vibration  frequencies.  As  seen,  the  "meire  flexible"  the  .system  (larger  sandwich 
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length  and  smaller  f  res)  rfore  sensitive  is  the  system  to  the  field  action  and,  vice  versa,  the 
"more  stiff'  the  sandwich,  the  larger  electric  field  strength  is  needed  for  f  ,es  'o  shill  by  the 
same  value. 

Figure  Sa,b  plots  G'  and  r|  vs.  the  ER  fluids  domain  thickness  (II2)  in  the  sandwich 
With  increasing  the  ER  fluid  domain  thickness  all  tilings  being  the  same,  the  value  of  the 
relative  deformation  of  the  ER  fluid  domain  varies  As  seen,  relative  deformation  changes 
within  35%  exert  no  essential  influence  on  the  shear  storage  modulus  and  shear  loss  facioi 
{Fig.  5a,  h). 

As  for  practical  applications,  of  special  iiiierest  is  the  environmental  tcmpciaturc 
influence  on  the  mechanical  characteristics  of  satulwich-elements  Mca.surcmenls  have  been 
made  in  a  cooling/hcating  chamber  over  a  temperatiiie  range  ■*  to  -,3ii ‘H' ai  a  nainral 

resonance  frequency  of  18  Hz  and  ER  fluid  domain  tliickncss  oft)  15  mm  'flic  obtained 
values  of  G'  and  n  at  d.c.  electric  field  arc  plotted  in  rig  6a, h. 

As  evident,  the  temperature  influence  on  both  the  shear  .storage  modulus  and  iheai 
loss  factor  is  not  very  essential  although  it  takes  place.  In  this  case,  the  inlliiencc  of  high 
temperatures  is  more  adverse:  with  decreasing  G'  and  i|  the  cleciiical  coiulm  tivity  ni'ihi  l  it 
fluid  sharply  grows  Apparently,  this  is  associated  with  the  iheiinal  .siabililv  of  sonic 
components  of  ER  fluids  and  their  dielectric  propcities,  although  the  oiiiw.ird  appenianct  of 
the  ER  fluids  subjected  to  high  ‘.empcraturcs  did  not  change  (the  lluid  and  panicles  didn’t 
separate,  didn’t  change  \  osity,  colour,  etc ). 

What  is  more,  the  entire  temperature  range  was  examined  i'oi  one  :•  indv,  n  h  .i;.:.ciMlili . 
i.c.,  the  ER  fluid  domain  was  not  replaced  during  the  whole  lun  of  cxpcrinicin In  ihis  case, 
the  electric  field  betiaviour  manifested  itself  better  If  at  room  and  minus  icinp  m  ■.  iin-  ti' 
increase  at  d.c.  field  was  by  10-15%  greater  as  against  at  ii.c  field,  then  at  hii'l,  lempciaimos 
when  the  electrical  conductivity  of  the  ER  fluid  domain  sharply  grew  and  this  eHeci  l 
it  retained  at  a  c.  field  with  much  smaller  electrical  conductivity  of  the  ER  fluid  domain 
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Also,  it  should  be  noted  that  over  the  entire  considered  temperature  range  the  G'  and  r) 
dependences  of  the  field  strength  and  temperature  did  not  change  qualitatively. 

The  performed  study  has  evidenced  that  the  fundainciual  possibility  exists  of 
significantly  (up  to  100  times)  increasing  th(  ‘■’tear  storage  modulus  of  ER  fluids  at  electric 
field.  However,  the  problem  on  hysteresis  of  fluids  exhibiting  a  maximal  modulus  increment 
still  remains  unsolved. 

Over  the  investigated  parameter  range  it  is  stiown  that  at  increasing  electric  filed  the 
shear  storage  modulus  tends  to  increase  with  a  vibration  frequency  and  practically  does  not 
depend  on  deformation  and  temperature  values. 

At  increasing  field  the  shear  loss  factor  decreases,  which  is  due  to  viscous  energy 
dissipation  reduction,  as  the  ER  fluid  structure  is  reinforced. 

In  a  general  case,  the  studied  design  can  be  considered  as  an  element  with  a  natural 
electric  field-tuned  frequeticy  of  vibrations. 

Thus,  tlie  idea  of  ER  fluids  for  vibration  control  in  distributed  systems  may  be  pul  in 
practice  by  embedding  these  fluids  in  host  structural  materials  which  are  fabricated  in  either 
conventional  or  advanced  composite  materials.  The  imposition  of  an  appropriate  electric  filed 
on  the  fluid  domain  in  the  structure  permits  the  energy-dissipation  characteristics  and 
mechanical  propcrtic.s  of  the  embedded  fluid  to  be  actively  controlled,  which  enables  the 
global  properties  of  the  structuie.  containing  the  ER  fluid  domains  to  be  controlled 
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Figure  N 1  Typical  view  of  a  deformed  sandwich  (composite  material) 
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Figure  N4  Resonance  frequenej'  shift 


INFLUENCE  OF  THE  ELECTRIC  FIELD  FREQUENCY  ON  THE 
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ABSTRACT 

The  slrenglli  of  hydrous  ER  fluids  are  usually  detieasiiiij  when  the  frequency  of 
the  applied  electric  field  is  increased.  Tlie  rea.son  for  such  a  response  is  probably  due  to 
the  fact  that  the  electric  field  distribution  in  the  fluid  is  controlled  at  low  frequencies  by 
the  conduction  properties  of  the  inaterials  (solid  and  liquid)  and.  at  high  frequencies,  by 
the  dielectric  properties  (permittivity).  We  pre,sent  preliminary  re.sult.s  of  current  and 
force  measurements  on  a  large  scale  model  using  two  hali'-sphere.s  in  contact.  The 
dependence  of  phase-shift  and  inagmtude  of  current  through  the  half-spheres  on 
frequency  leads  to  a  crude  electrical  model.  Ilie  experimental  results  arc  discussed  on 
the  basis  of  this  model.  Finally,  we  compare  the  variation  of  the  attraction  force 
between  the  half-spheres  with  the  shear  stress  of  an  hydrous  ER  fluid  (celltilo.se  in 
iiuneral  oil)  for  different  frequencies  of  the  applied  voltage. 

1.  Introduction 

Even  if  the  properties  of  EH  nuid.s  are  more  and  more  .studied  since  the  early 
1980' s,  the  physical  mechanisms  responsible  for  the  electrically  induced  attraction 
between  particles  arc  not  clearly  understood.  It  is  generally  assumed  that  the  particle- 
particle  interaction  is  an  attraction  due  to  the  induced  dipole-dipole  interaction. 
However  this  explanation  is  unsatisfactory,  especially  in  the  case  of  DC  or  low 
frequency  applied  voltages.  In  this  case  the  electric  field  distribution  is  controlled  by 
the  conduction  properties''^  We  recently  proposed  a  model  for  DC  electric  field  that 
seems  to  well  describe  the  physical  phenomena'*.  Nevertheless  at  high  frequencies  the 
electric  field  distribution  is  controlled  by  the  permittivities,  thus  for  the  halfway  values 
of  frequency  the  effect  of  conductivity  and  permittivity  are  balanced.  The  electric  field 
distribution  then  becomes  more  coin])lex.  It  is  also  generally  assumed  that  the  materials 
are  perfectly  insulating  but  in  fact,  even  if  the  conductivity  is  very  low,  it  is  not  true. 
In  particular,  the  liquid  conductivity  can  strongly  increase  unde  high  electric  field'  and 
thus  modifies  the  field  distribution.  The  phenomena  that  can  influence  the  electrical 
properties  of  both  liquid  and  particles  arc  numerous.  This  is  certainly  why  there  is  no 
general  rule  for  the  behaviour  of  ER  fluids.  Thus,  it  ap^pcars  that  the  influence  of  field 
frequency  on  the  strength  of  ER  fluids  varies  according  to  the  nature  of  the  particles, 
b'or  hydrous  materials,  the  strength  decre.ascs  when  the  frequency  increases'’  '*,  but  for 
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anhydrous  materials  the  behaviour  seems  to  be  opposite,  the  strength  increases  with 
frequency*'^. 

The  purpose  of  this  work  is  to  see  how  the  frequency  of  the  applied  field 
inlluences  the  interaction  between  particles,  and  to  try  to  explain  how  the  effect  of 
conductance  and  capacitance  ate  balanced. 

2.  Expei  iiiiental  set-up 
2.1.  .Apparam 

The  ptuticles  of  an  ER  fluid  are  modelled  using  two  half-spheres  of  radius  much 
larger  than  that  of  actual  ER  fluid.  The  expcrimcnlal  apparatus  (Eig.l)  comprises  two 
duralumin  electrodes  9  cm  in  diameter  spaced  by  1.4  cm.  The  upper  half-sphere  can 
pass  through  a  circular  aperture  in  the  upper  electrode.  The  planar  metallized  .section  of 
tl’.e  upper  half-sphere  and  the  u|)per  electrode  are  grounded.  The  lower  half-si)hcre, 
fastened  to  the  lower  electrode  is  brought  to  ixHential  V.  The  cell  is  filled  up  with  a 
transformer  oil  and  put  into  a  I'araday  cage.  The  two  half-spheres,  of  radius  0.7  cm, 
arc  made  of  polyamid  having  a  conductivity  ci,  s  l.TxlO"  S/m  and  a  ixtrniitlivity 
e,  5  24ii„  (at  50  Hz).  The  surrounding  oil  has  a  conductivity  of  =  3x10  '•*  S/m  and  a 
permittivity  ei,2  2.2e„. 


tx[)crtin(.’nlitl  ^t-up  tor  large  scale  model  using  two  hull-spheres.  The  vertical  position  of  the 
lower  hall-sphere  is  cuntrullod  by  a  niicromeiric  table. 
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2,2  Mcasurcmenis 

A  sine-wave  voltage  V  is  applied  on  the  two  half-spheres  in  contact.  The  current 
passing  through  the  upper  half- sphere  is  monitored  via  an  oscilloscope.  The  current 
magnituue  and  phase-shift  (the  phase  reference  is  the  voltage)  are  measured  as  a 
function  of  frequency.  To  measure,  for  fixed  magnitude  and  frequency  of  the  applied 
voltage,  the  attraction  force  betv;een  the  two  half-spheres  in  contact,  we  slowly  lower 
the  cell  support.  When  the  electric  interaction  force  etiual  the  restoring  force  of  the 
spring  the  two  half-sirheres  separate.  The  force  measured  with  the  balance  at  the 
moment  of  detachment  is  equal  to  the  attraction  force  (its  sensitivity  is  the  milligram). 

3.  Results 

3. 1.  Electrical  mcaxurviteiu.s 

We  monitored  the  current  In  the  upper  half-sphere  for  different  poteni-als  V  and 
for  frequencies  ranging  from  0.01  to  2,000  Hz.  We  measured  the  phase-shiit,  between 
the  current  I  and  the  voltage  V,  and  the  gain  defined  by  G=20Log(I/V).  Itesults  are 
presented  in  rig.2  (phase-shift)  and  Pig. 3  (gain)  in  a  Bode  plot  representation.  The 
phase-shift  is  ixrsitive  (i.e.  the  current  is  in  adviutce  on  the  voltage)  as  can  be  expected 
with  a  capacitance  system.  We  can  note  that  the  phase-shift  and  the  gain  are  slightly 
dependent  on  the  voltage  magnitude.  One  of  the  possible  electrical  circuit  that  leads  to 
the  similar  phase-shift  and  gain  variations  witli  the  frequency  is  shown  on  Fig. 4  (this 
equivalent  circuit  will  be  discuss  in  .section  4).  It  exhibits  three  crossover  frequencies 
(f^  =  l/2rct).  The  values  of  the  different  RC  components  are  difficult  to  estimate 
becauiic  we  didn't  explore  a  large  enough  frequency  interval  ;md  also  because  the 
capacitances  and  resistances  are  not  constant  but  vary  with  the  frequency  and 
magnitude  of  the  apirlied  electric  field. 

We  notice  that  for  frequencies  above  1  Hz  the  gain  doesn’t  depend  on  the 
applied  voltage,  but  for  low  frequencies  the  gain  de|)ends  on  voltage;  this  means  that 
the  value  of  (Rj-l-Rj)  is  dci>endent  of  the  applied  voltage  and  therefore  on  the  applied 
electric  field  E.  It  seems  that  (RiH-Rj)  increases  with  increasing  P.  For  the  phase-shift, 
we  notice  the  same  behaviour  but  more  accurate  measurements  arc  required  before 
clearly  interpreting  the  results. 

3. 2.  Force  measuremems 

The  force  between  the  two  half-s|)heres  has  also  been  measured  for  frequencies 
above  10  Hz  (see  Pig. 5).  A  few  remarks  can  be.  pointed  out.  Firstly,  with  DC  voltage 
the  force  increases  with  H  (here,  for  relatively  low  fields,  the  force  .scales  as  E^). 
Secondly,  when  comparing  the  shapes  of  the  gain  and  force  curves,  we  can  notice  that 
when  the  current  increa.scs,  the  force  decreases.  Thirdly,  the  decrease  of  the  force  with 
frequency  is  important,  between  one  or  two  orders  of  magnitude,  and  it  appears  more 
marked  for  low  electric  fields. 
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It  is  interesting  to  compare  the  behaviour  of  the  large  scale  sphere-sphere  system 
with  that  of  a  actual  ER  fluid.  The  tested  fluid  is  a  suspension  of  cellulose  particles 
(typical  size  30  ftm,  volume  fraction  (|i  =  0.15)  in  a  transformer  oil  (ELF  TF50).  Fig. 6 
shows  the  dependence  of  the  dynamic  yield  stress  on  frequency.  The  shape  of  this 
curve  is  similar  to  that  of  attraction  force  between  spheres.  This  similarity  suggests  that 
our  large  scale  system  can,  in  a  certain  way,  model  the  behaviour  of  an  actual  ER 
fluid. 

I’hasc  (deu) 
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Fig. 6  Fffixt  of  applied  voltage  freipiciicy  on  llu’  dymiinic  yield  strc.ss  of  the  tested  ER  tluid  (celluK).so  in 
transformer  oil). 
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4.  Discussion 

The  circuit  of  Fig. 4  is  a  formal  equivalent  circuit.  In  order  to  progress  in  the 
understanding  of  this  electrical  model,  it  is  worthwhile  to  see  to  what  parts  the  various 
RC  components  correspond.  Looking  at  one  half-sphere  (Fig. 7),  we  can  distinguish 
three  parts  :  i)  the  upoer  part  of  the  sphere  with  permittivity  and  conductivity  cs^,  ii) 
the  liquid  with  permittivity  El  and  conductivity  iii)  the  contact  zone  where  e  and  cr 
are  very  difficult  to  prescribe;  let  us  note  the  capacitance  of  this  zone  Q  and  its 
resistance  R,..  The  equivalent  circuit  is  represented  on  Fig, 8.  On  the  basis  of  the 
conduction  modeF,  it  appears  that  Rl>>Rc-  ttlso  estimate  that 

Therefore  the  electrical  model  of  Fig. 8  is  equivalent  to  the  circuit  of  Fig. 4  and  we  have 
Rj  -  Rj,  R2“Rc.  Cl  =Cs  and  C2  =  Q..  The  problem  is  to  calculate  the  values  of  C^.,  Rj., 
C,,,  and  Rg,  As  we  can  see  on  Fig. 9,  depends  on  frequency  and.  as  we  previously 
noticed,  the  conductivity  of  the  liquid  in  the  contact  zone  depends  on  the  applied 
field.  Therefore  Rj.,  and  vary  with  the  frequency  and  the  magnitude  of  the 
voltage.  All  these  non-linca''ities  make  the  problem  very  complicated  and  required 
further  fine  investigations. 
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[n  the  above  picture,  the  conductivity  of  the  components  plays  a  role  and  this 
implies  that  the  force  will  depend  on  cr^  as  well  as  on  and  e, .  We  can  get  an 
argument  that  this  is  indeed  the  case  by  comparing  the  variation  of  the  measured 
attraction  force  between  the  half-spheres  with  that  given  by  the  point-dipole  model 
based  on  the  polarisation "J.  This  model  indicates  that  the  force  F  between  particles  is 
proportional  to  t:L.((i.E)-,  with  e,  the  permittivity  of  the  liquid,  (j  =  (t:x-t;,j/(e,;-t-2eL) 
and  U  the  applied  Held.  At  this  range  of  frequency  is  constant  and  the  variation  of  P 
on  frequency  is  only  due  to  We  report,  in  the  folh'  ving  table,  the  value  of  and  P^ 
for  different  frequencies,  with  =  2.2c„. 


Frequency  (Hz) 

10 

50  1 

1000 

,)4 

24 

18 

P- 

0.67 

0.5H 

0.49 

We  can  estimate  that  between  10  Hz  and  1,000  Hz  the  magnitude  of  the  force 
should  decrease  by  a  factor  of  about  I. ,5.  lint  ihe  curves  in  l  ig.5  show  that  the  factor  is 
greater  than  10.  It  appears  that  dipolar  interactions  are  not  sufficient  to  explain  such  a 
decrease  in  the  value  of  the  force.  Thus,  others  phenomena  are  involve  in  the  process 
of  interaction  between  particles  and  we  think  that  they  arc  due  to  the  conduction 
properties  of  the  liquid  and  of  solid  particles.  Tstablish  a  mathematical  relation  that 
describe  the  electrical  behaviour  is  difficult  because  of  non-linearities. 
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5.  Conclusion 

We  present  a  preliminary  study  of  the  influence  of  the  electric  field  frequency 
on  ER  fluids  properties.  Electrical  measurements  on  a  large  scale  model  using  two  half¬ 
spheres,  made  in  a  weakly  conducting  polyainid  and  immersed  in  an  insulating  liquid, 
lead  to  an  simplifnxi  equivalent  circuit.  This  electrical  circuit  based  on  R-C  components 
is  discussed  and  connected  to  the  conduction  and  dielectric  properties  of  the  different 
parts  of  the  large  scale  model.  The  dependence  on  frequency  of  the  attraction  force 
between  half-spheres  is  compared  to  that  predicted  by  the  polarisation  model  ([X)int 
dipole  approximation).  As  the  comparison  shows  a  great  difference,  we  conclude  that  a 
possible  raison  is  that,  even  in  AC  electrical  field,  the  conduction  properties  of  the 
liquid  and  the  solid  materials  play  a  role  in  the  ER  effect. 

These  first  results  must  be  developed  in  order  to  understand  the  ER  effect  in  AC 
conditions.  In  particular  we  have  to  investigate  the  range  of  frequencies  above  2  KHz 
because  it  is  not  impossible  that  the  force  varies  again.  It  is  clear  that  liquid 
conductivity  may  play  an  important  role  and  make  the  problem  more  complex.  But  if 
we  manage  to  find  how  the  distribution  of  the  electric  field  varies,  we  will  be  able  to 
calculate  a  more  precise  expression  of  the  force.  The  study  of  the  frequency 
dependence  on  ER  fluid  is  important,  as  well  on  the  iheoretical  point  of  view  than  on 
practical  one.  For  future  works  wc  need  to  study  the  behaviout  of  others  solid  materials 
and/or  others  liquids. 

One  question  remains  ;  in  what  degree  our  large  scale  model  agrees  with  real 
ER  fluids  ?  The  phenomena  that  can  occur  around  particles  ot  radius  about  centimeter 
can  be  very  diffe.'cnt  than  tho.se  around  particles  of  micrometer  size. 
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ABSTRACT 

Linear  and  non-linear  optical  study  on  cicctrorlicological  (ER)  fluids  is  reported.  The 
ER  fluids  under  the  investigation  were  glass  beads,  zeolite  and  ferroclectries  The 
linear  optical  rcsponcc  of  some  ER  lluids  showed  sltaip  changes  near  critical  electric 
fields.  An  cnlianccmcnt  of  electric  field  induced  second  harmonic  generations 
(EFISH)  was  observed  as  the  function  of  EL  where  E  is  the  external  electric  field 
The  said  enhancement  is  considered  to  be  corresponding  to  a  modulation  of  die 
matciial's  refractive  index  associated  with  Uic  electric  field  induced  polarization  of 
llic  delocalized  electrons  The  enhanced  non-linear  optical  response  on  the  transition 
between  liquid  and  solid  stiitcs  can  be  rclatca  to  the  phase  transition  in  ER  fluids. 

1 .  Introduction 

After  elcclroflicologicai  fluids  consisting  of  "dry"  particles  were  invented 
several  years  ago,  booming  intensive  theoretical  and  experimental  studies  on 
mechanism,  materials  and  applications  have  been  yielding  a  deep  understanding  in 
this  urea.  Intensive  studies  on  the  incchanisin  of  ER  phenomena  have  benefit  the 
material  research  and  application  exploration.  Researchers  in  this  area  dream  that, 
someday,  tliey  v/ill  be  able  to  design  ER  fluids,  either  solid  particles  or  base 
liquids,  even  single-phase  materials,  on  a  molecular  level  according  to  the 
requirements  of  applications.  This  is  strongly  depending  on  the  better 
understaading  the  mechanism.  In  the  sense  of  material  design,  the  mechanism  of 
ER  fluids  is  far  from  complete  awareness. 

This  work  is  the  first  part  of  a  study  to  explore  what  is  tlie  nature  of  the 
transitions  between  solid  and  liquid  states.  It  is  expected  to  knew  how  intra- 
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molecular  or  inter-particle  charges  transfer  near  critical  electric  field,  E^..  It  is 
observed!  that  particles  form  a  body-centered  tetragonal  lattice  structure  when 
£>£(.,  and  an  order  paiameter  was  defined. 

It  is  shown  experimentally^  and  theoretically^  that,  near  superconducting 
ti'ansition  temperature,  T^.,  the  power  signals  of  second  hannonic  generation, 
P^“(r),  and  third  hannonic  generation,  P3“(T),  have  a  form  of  spikes  of 
generation.  P2“(T)  is  also  magnetic  field,  H,  dependent:  P2“(T)  sliows  peak 
sducture  only  when  H  is  not  zero.  Nevertheless,  P3“  shows  peak  structure  even  in 
the  absence  of  magnetic  field.  It  is  evident  that  tlie  strong  enhancement  of  P^“  and 
p3w  is  closely  related  to  the  phase  transition. 

To  pursue  the  optical  study  we  made  several  ER  fluid  samples,  such  as 
glass  beads  in  silicone  oil,  zeolite,  BaTi03-system  and  so  forth  with  correspondent 
base  liquid.  The  samples  were  first  chaiacterized  by  measuring  tlieir  static  yield 
stress.  The  linear  optical  measurements  and  the  electric  field  induced  second 
hannonic  generation  (EFISH)  measurements  were  tlien  conducted.  A  series  of 
experiments  were  done  to  confinn  that  tlie  ER  fluids  did  show  their  intiinsic 
EFISH  signal.  We  expect  also  to  establish  the  qualitative  relation  between  the 
microscopic  structure  and  main  characteristics  of  ER  fluids. 

2.  Theory 

Microscopic  polarization  F(k,a))  can  be  expressed  a.s^ 

P{k.o:)  =  l■/^"’(k,w)+...,  (1) 

where 

P"\k,a})-^z'"(l<,(o)-E{k,0)  [2) 

and 

P^'‘\k,o})y  x'’'(k  =k,  r  A,,cu  =  oi,  +  A(*,,cu,)A(A,,m^)  (3) 

witli  E(k,co)  being  the  incident  laser  electric  field  of  waveveetor  k  and  angular 
frequency  co,  the  first-order  susceptibility  tensor  describing  liiicai'  optical 
properties,  such  as  refraction,  absorption  and  so  foilli,  and  sccond-ordei 
susceptibility  tensor,  is  zero  for  centra-symmetrical  material;  non-zero  for  the 
materials  with  lower  symmetry  yielding  frequency  doubling  effect  --  so  called 
second  harmonic  generation  (SHG).  SHG  is  forbidden  under  the  electric-dipole 
approximation  in  a  medium  with  inversion  symmetiy.  The  inversion  syimncuy  is 
broken  at  a  surface  interface.^  The  inversion  s\uimetry  is  also  broken  when  certain 
dc  electric  field  is  applied  on  a  medium  witii  such  symmetry,  fhis  is  why  the 
technique  of  electric  field  induced  second  hannonic  generation  (EFISH)  is 
commonly  used. 

In  this  case  the  macroscopic  polarization  P^<^  induced  in  cn  ER  fluid  by  an 
incident  laser  field  ff"  can  be  described  as^ 
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P^“  =  e  d 

*o“/ 


(4) 


where  the  component  djj/^  of  the  non-lineai'  optical  susceptibility  tensor  is 
dependent  on  the  stiength  of  the  applied  dc  electric  field  E",  and  £„  is  the  vacuum 
pennittivity. 

The  microscopic  dipole  moment  induced  in  a  particle  by  dc  electric 
field  E«  and  a  laser  field  if®  is  as 


(5) 


where  =  /“/?"  i  and  F°=f'E‘'  aie  the  local  fields,  i.e.,  the  fields  experienced  by 
the  molecules  of  particles  and  liquid,  and  are  the  second-  and  tliird-order 
polarizabilities,  respectively,  and/",  the  local  field  factors. 

The  intensity  of  the  output  SHG  is  as 


/(2du)Qc 


(6) 


The  ratios  of  order  of  magnitudes  of  first  three  orders  of  susceptibilities  can 
be  expressed  as  following 


(7) 


where  is  Coulomb  field  inside  an  atom  with  an  intensity  of  ]0**V/cm. 

Each  particle  of  an  ER  fluid  can  be  considered  as  a  source  of  nonlinear' 
polarization  aird  so  the  macroscopic  response  is  the  sum  of  tlie  microscopic 
response  averaged  over  all  orientation.  The  small  particles  in  an  ER  fluid  with 
either  zero  or  non-zero  ground  state  dipole  moments  give  no  contribution  to  the 
secoitd  harmonic  generation  in  the  absence  of  external  dc  electric  field  E°  because 
of  random  orientation  of  die  dipole  moments.  Upon  applying  E“,  charges  of  polar' 
molecules  are  oriented,  non-polar  molecules  may  be  polarized,  tlien  tire  central 
symmetry  is  broken,  and  the  SHG  can  be  observed.  In  otlier  words,  if  SHC  is  not 
observed  before  is  turned  on,  but  can  be  observed  after  E®  is  turned  on,  one  can 
conclude  that  tire  charges  m  tire  particles  are  oriented  with  E®  turned  on. 


3.  Expe.riments  and  Analysis 


3. 1.  Sample  Preparation  and  Characterizations 

The  ER  fluids  used  in  the  optical  study  were  glass  beads  with  silicone  oil, 
ferrodectrics  (whose  static  yield  stress  measured  with  electric  field  is  given  in 
Fig.  1(a))  and  zeolite  with  corresponding  liquids. 
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A  systematic  study  on  zeolite  ER  fluids  was  conducted  and  the  results  of 
the  study  were  summarized  in  Table  1.  All  of  the  samples  were  dehydrated  at 
250°C  overnight.  Firstly,  the  zeolites  with  tlic  same  framework  ty|)e  (say,  type  Y) 
but  different  cations  were  compared.  Both  the  static  yield  stress  and  leaking 
cunentof  the  zeolite  samples  increase  in  the  order  of  Ba'^^^Ca^^Mg"*'''>K'*'w 
Na'*',  which  is  consistent  witli  the  decreasing  order  of  tlieir  activation  energy  for 
conductance,  AH  in  Y  zeolite^.  Y  zeolite  with  divalent  cations  has  smaller  jdeld 
stress  and  leaking  cuirent  than  Y  zeolite  with  univalent  cations.  The  reason  is  tliat 
each  divalent  cation  is  bound  by  two  negative  potentials  in  the  framework,  but  the 
univalent  cation  is  bound  by  only  one  potential,  so  it  is  harder  for  the  divalent 
cation  to  move  than  the  univalent  cation.  Secondly,  a  comparison  was  made  among 
the  zeolites  with  different  frameworks  A,  Y  and  M  but  the  same  cation,  say  Ma.  It 
is  evident  that  Y  zeolite  has  much  higher  static  yield  stress  and  leaking  current 
density  than  A  and  M  zeolites.  This  is  because,  as  shown  in  Table  1,  type  Y  has 

Table  1.  Tlio  static  yield  stress  and  the  leaking  current  density  of  tlic  zeolite  samples 
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Y.S./E  -  static  yield  stress  in  kl’a  at  the  indicated  electric  field  in  kV/mni.  JTi  --  leaking  current 
density  in  pA/cm^ai  the  field  in  kV/nim. 

the  largest  pore  opening  diameter  and  large  enough  number  of  cations  among  these 
three  tyjies  of  zeolites.  Although  Type  A  contains  a  iargest  number  of  cations,  it 
has  the  least  pore  opening  diameter  which  limits  the  mobility  of  the  cations,  and 
thus  its  yield  stress.  Type  M  is  not  able  to  contribute  high  static  yield  stress 
because  of  its  least  number  of  cations  among  these  three  zeolites.  From  the 
discussion  above,  the  polarization  of  A,  Y  and  M  zeolites  is  conducted  via  the 
cation  movement  mechanism  to  which  high  cation  content  and  large  pore  opening 
are  favorable.  Finally,  a  type  of  zeolite  with  high  Si/Al  ratio  (HSA)  was  tested. 
Although  both  the  diameter  of  pore  opening  and  the  number  of  cations  of  H.SA  arc 
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less  tliaii  those  of  Y  zeolite,  it  is  found  that  HSA  has  strong  static  yield  stress  at 
high  field,  as  shown  in  Fig,  1(b),  and  a  veiy  small  leaking  current  density  even  at 
high  electiic  field  (5000V/tnni).  This  indicates  that  cation  movement  is  not 
responsible  to  the  high  static  yield  stress  in  HSA.  On  tlie  otlier  hand,  shearing 
deformation  of  the  ciystal  structure  of  USA  may  occur  in  some  circumstances, 
which  strongly  suggests  that  tlie  framework  polarization  due  to  structure 
deformation  may  be  a  dominant  reason  for  the  high  yield  stress  in  HSA.  This 
points  out  that  the  zeolite  with  high  Si/Al  ratio  may  be  a  promising  material  in 
some  ER  applications. 


E  (V/mm) 


Fig.  1  Sialic  yield  stress  vs  F  for  (a).samplc  BTO.  a  fcrroclcclrics  FR  fluid  and  (b)sam|)!c  USA,  a 
zeolite  ER  fluid. 

A  homemade  parallel-plate  shear  stress  measuring  system  similar  to  that 
designed  by  Block^  is  used  to  determine  static  yield  stress.  To  reduce  fric  ion, 
rolling  needles  are  used.  The  gap  between  two  electrodes  is  0.5inm,  a  b.c  k- 
elcctrodc  has  2X2  cm^  contact  area  with  fluid  to  be  tested,  and  eopper-dish 
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electrode  has  an  area  of  4X6  cm^.  A  strain  transducer  was  calibrated  after  the 
system  is  made. 

3.2.  Linear  Optical  Properties 

Linear  optical  properties  are  refraction,  absoqDtion  and  so  forth.  For  the  first 
approximation,  when  a  laser  light  beam  of  angular  fi'equency  co  is  shining  onto  a 
sample,  the  macroscopic  polarization  of  the  media  can  be  expressed  as  P(co) 

In  a  classical  point  of  view,  one  can  image  that  the  charges  are  the  simple 
hannonic  paiticles,  which  are  forced  by  laser  beam  of  angular  frequency  os  to 
oscillate  also  in  angular  frequency  to  and  radiate,  while  its  amplitude  is  reduced 
due  to  either  absoiption  or  reflection. 


-A'" 
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Fig.  2  (a)  A  schematic  diagram  ol'aii  experimental  set-up  for  measuring  linear  optical  coefficients 
of  ER  fluids,  Experimental  results  of  transmittance  of  ER  Fluids  of  (h)  glass  beads  wiili  silicone  oil 
and  (c)  HSA  (a  zeolite  ER  fluid). 

Fig.  2(a)  displays  an  experimental  set-up  for  nrreasuring  the  tiansmittaiice  ol 
ER  fluids.  The  light  source  used  is  a  He-Ne  laser  of  power  of  0.2W.  A  lens  set  L 
expends  the  diameter  of  tlic  liglit  spot  to  about  1  cm.  One  light  beam  after  a  splitter 
goes  directly  to  a  silicone  photo  cell  detector,  and  anotlier  shines  onto  a  sample 
cell,  and  then  onto  another  silicone  photo  cell  detector,  which  has  been  calibrated 
with  tlie  first  one.  The  sample  cell  is  constructed  on  a  piece  of  optical  glass,  the 
distance  between  two  parallel  electrodes  is  2.5  nun,  and  the  fluid  in  tlic  cell  is 
about  0,5  mm  thick  and  10  mm  long.  The  output  signals  from  both  photo  cells  arc 
recorded  through  a  two-pen  X-Y  recorder. 

The  experimental  results  of  transmittance  verses  applied  electric  field  is 
plotted  in  Fig,  2(b).  The  diameters  of  glass  beads  aie  45±  10  pm,  and  a  thin  film  of 
water  is  absorbed  on  their  surfaces  shortly  before  they  arc  mixed  witli  silicone  oil 
for  measurement.  The  volume  fraction  for  glass-bead  ER  tluid  is  about  40",.,  and 
the  lower  volume  fraction  gave  much  weaker  effect  of  transmittance  change.  The 
transmittance  of  the  fluid  sliows  an  abrupt  change  when  li  readies  700  V/mm, 
which  is  proposed  to  be  critical  electric  field.  This  abrujit  change  aiou.ses  a 
possible  way  of  making  a  light  switch  When  E  is  above  li^-,  the  signal  is  vciv 
noisy,  and  that  part  of  the  curve  is  only  an  average  value  guided  by  eyes  from  the 
original  X-Y  recorder  sheet.  Similar  behavior  is  also  seen  on  other  sample,  when 
abrupt  increase  is  observed.  The  noisy  curve  at  high  fields  is  probably  from  the 
severe  hopping  of  panicles  between  columns,  a  sign  of  a  non-eijuilibrium  state. 
After  the  field  is  turned  off,  the  sample  cell  is  obseived  under  a  microscope  and  a 
columned  stiucturc  is  obseived.  Aiiparentiy,  more  light  can  be  transmitted  through 
silicone  oil  when  the  columns  are  formed  The  abrupt  changes  arc  also  observed  in 
zeolite  samples  as  shown  in  Fig.  2(c). 
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3. 3.  Non-linear  Optical  Properties 

The  experimental  setup  for  the  eleetiic  field  induced  second  hannonic 
generation  (EFISH)  measurements  is  drawn  in  Fig.  3a.  The  light  source  of  SHG 
measurements  is  a  mode-locked  Nd;YAG  laser  (Quantel,  Orsay,  France)  at 
]x=  1.064pm  with  energy  of  order  of  mJ  per  pulse.  Its  pulse  width  is  the  order  of  50 
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Fig.  3(a)  A  block  diagram  for  the  cxpcriiiiciiurl  set-up  for  measuring  EFISH  of  L'R  fluids. (b)  A 
skctcli  diagram  of  a  sample  cell  used  in  EFISH  measurements  together  with  a  definition  of  coherem 
length,  I. 
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ps  with  10  Mz  of  repetition  rate,  and  the  power  is  the  order  of  10  MW.  Light  is 
focused  into  a  spot  of  diameter  of  about  1  mm.  An  S  polarizeris  put  after  lenses  so 
tliat  the  electric  field  vector  of  the  laser  light  is  polarized  along  the  same  direction 
as  dc  electric  field  (m  z  axis),  Detector  is  a  photomultiplier  sensitive  to  2to  with 
wave  length  of  0.532pm.  A  boxcai'  (gate  integrator)  with  gate  width  of  0.5ps  is 
used  to  process  the  signal  from  photomultiplier.  An  X-Y  recorder  -s  used  to  record 
the  results  of  the  measurements. 

The  EFISM  experiments  are  performed  using  wedge  technique.  The  sainjilc 
cell,  shown  in  Fig.  3(b),  consists  of  two  quailz  (JDS2)  windows  aligned  along  y 
axis,  the  direction  of  laser  beam,  two  Teflon  blocks  (not  shown)  glued  aside  of 
quartz  windows  bilaterally,  and  two  brass  electrodes  separated  by  the  quartz 
windows.  After  electric  field  is  applied,  by  translating  the  wedged  liquid  cell  along 
x-axis,  perpendicularly  to  the  fundamental  laser  beam.  Maker-fringe  amplitude 
oscillations  of  the  generated  second-harmonic  signal  arc  obtained. 


0  200  400  600  BOO 

Thickneii  Variation  AL  (itm) 

Fig.  4  Rcmlivc  SHG  vs.  lliickiicss  variation  for  '  .,A,  a  zeolite  FR  lluid. 

Fig.  4  shows  how  the  SHG  intensity  relative  to  quaHz  (as  unity)  oscillates 
with  thickness  variation  AL.  AL  is  defined  as  the  deference  of  the  optical  path  in 
liquid  cell  before  and  after  translation.  AL=0  before  the  sample  cell  starts  to 
translate.  SHG  intensities  change  when  electric  field  increases  from  0  V/mm  to 
1500  V/mm.  When  E=0,  no  fringe  form  can  be  detected,  while  E  increases. 
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Maker's  fringe  appears  and  its  amplitude  increases  dramatically.  When  E  is  cut  off, 
tlie  fringe  disappears  again.  Coherent  length  I  is  defined,  in  this  paper,  as  the 
difference  of  optical  path  corresponding  to  the  scanning  separation  of  Ax/2  (see 
Fig.  3(b)), 

l=(Y)>'ian«.  (8) 

It  is  named  so  because  only  two  light  beams,  whose  optical  path  difference  is 
shorter  tlian  I,  can  interference  each  other.  Coherent  length  is  a  material  parameter. 
For  a  nonnallv  incident  liglit  witli  a  given  wave  lengtli  X,  a  coherent  length  of  a 
material  is  detennined  as 


A 

4(a'“’-/j“)' 


(9) 


where  and  n"’  ar  c  refractive  indices  ircasuicd  in  liglt!  of  angular  frequt.icy  2fii 
and  CO,  respectively.  The  refractive  index  n  of  HSA  in  silicon  oil  with  volume 
fraction  <()  of  about  1%  is  1.3982  using  while  light,  fhe  refractive  index  of  pure 
silicon  oil  is  about  1.3970  using  same  Abbe  refractometer. 

To  check  whether  or  not  tire  fringe  forms  from  the  concentration  of  solid 
particles  in  ER  fluid  such  as  fibers,  cha.'.is  and  columns,  we  did  also  die 
inea.'surements  when  wedge  angle  a  was  changed  from  3.24“  to  1.5“  keeping  other 
factors  unchanged  --  same  liquid  cel!  at  same  electric  field. 

Fig  5  shows  first  that  EFISH  signal  increases  as  E^.  This  is  easy  to  be 
understood:  when  E“0,  nonlinear  polarisability  tiocs  not  show  up  for  the 
reason  of  syimnetiy;  an  introduction  of  elecfic  field  breaks  die  symmetry,  and  x‘^* 
starts  to  appear,  wiiicli  means  that  X'^KE)  should  be  a  function  of  E.  On  the  other 
hand,  x'^'(E)  is  independent  of  the  direction  of  external  electric  field,  so  the 
principal  terms  of  x'^’(E)  should  begins  with  E^.  This  is  why  we  have  seen  that  the 
intensiiy  of  second  Inumonic  generation  increases  with  E^.  Secondly,  Fig.  5  shows 
that,  when  wedge  angle  a  double  its  value  (from  1.5“  to  3.24“),  Ax,  the  separation 
between  two  minima,  is  cut  to  half  (from  3.0  to  1,4)  while  keeping  coherent 
lengths  (Eq.8)  unchanged  (39.6  pm  and  39.3  pm,  respectively).  If  the  fringe  were 
from  ''column".  Ax  should  not  have  changed  since  changing  a  only  docs  not  effect 
the  formatiorr  of  column. 

One  might  suspect  drat  the  fringe  fonn  is  from  prue  silicone  oil  itself.  To 
rule  out  such  suspicion,  we  measur  ed  die  EFISH  signal  of  pure  silicone  oil  using 
same  liquid  cell  at  same  electric  field.  The  result  shows  that  the  pure  oil  has 
different  EFISH  behavior  as  one  can  see  from  dial  for  ER  fluid  (Fig.  4). 
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Fig.  5.  Fringe  amplitude^  measured  in  EFISH  experiments  for  NaA  at  wedge  angle  of  (a)  about 
1.5’and(b)3.24“. 

To  give  more  information  on  the  relation  between  the  EFISH  signal  and  ER 
effect,  we  did  also  the  EFISH  tneasurement  on  a  zeolite  witli  high  siliconc-tc- 
aluminum  ratio  (HSA  for  short),  which  shows  much  lower  ER  effects,  as  shown  m 
Fig.  6.  Botli  samples  were  measured  at  same  electric  field  but  using  different 
sample  cells  with  very  close  wedge  angle  a  (1.5”  and  1.44”,  respectively)  Stronger 
ER  effective  sample  does  not  necessarily  show  stronger  EFISH  signal  although 
their  coherent  lengths  are  quite  same  (39.6  pm  and  39.0  pm.  respectively) 

Fig.  5  shows  first  that  EFISH  signal  increases  as  E^  This  is  easy  to  be 
understood;  when  E-=0,  nonlinear  polarisability  does  not  show  up  foi  the 
reason  of  symmetry;  an  introduction  of  electric  field  breaks  the  synuneli'y,  and 
starts  to  appear,  which  means  that  2:^’'(li)  should  be  a  function  of  1.  On  the  other 
hand,  is  independent  of  the  direction  of  external  electric  field,  so  the 

principal  terms  of  ^^>(E)  should  begins  with  E^  Tins  is  vvh>  we  have  seen  tliai  the 
intensity  of  second  haimonie  generation  increa.scs  with  1  ’  Seeondlv  l  ig  s  shows 
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ilwl,  uhcii  vvcdiic  anj;k'  n  dnublc  ll^  value  1  ^  iii  >  7M  \\.  ttie  '••jpai jiii'u 

between  two  ininiina.  in  eui  in  lull  (Imiii  '  i*  i<-  I  li  while  keeping  tnlieieiit 
lemtlliN  il  q  Kl  title hantteil  ('**  (•  (un  aitd  '*<  <  iiiii  ieN|K.elivcK  t  It  the  tiiii^n  weit 
tioin  "eDluiiiii  \\  should  not  have  ehaiiged  suue  ehanpnp  n  niilv  should  not 
elle>:i  the  tbtiiutioit  >>1  eoluinii 

One  iniphl  siisjK'et  that  the  lnnj:e  Iniiii  is  lioui  pun  silu  sne  .mI  isell  I. 
rule  nui  sUsh  ‘.uspuiiiti.  we  iiiej-wieJ  d.s  !  !  tSH  signal  .  1  puie  silu,-tie  .  li  usiiip 
same  liquid  ecH  a!  same  elesitu  field  !  he  lesuli  sh  .ses  rV.jit  itie  i  ;  il  ha- 
dilfeient  I  t  ISH  beh-ivini  as  .-lie  van  -ei  Ii-'iii  that  l.-i  {  K  lUod  I  le  * 
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ABSlRAin 

ihi' lit  All  cltiUi«li4:(4<»t;iialU -Kl  lltkj  iriiii 

iiAjtiik^  111  mIikmii  (hI  III  A  imtiAi  ivliinki  ij<  iaIva  vwicui  wilutli  ii  muik'liil  aIIii  aii  IK 
iIaAU^AI.  luiL  invu  tlWAAUli'li  Ul  il|A C aU^AU'  iIm  'WAiI>  auJ  IIm  UAUUIIU  U%(Aic1141  III  Uk  1  K 
lluill  A^AlllAl  Um'  Ak|l  II4KIK  1 4  i'k'AllUAi  tU'Ul  (11  Uk  1  K  iaIii  Hk  IK  l  aI^I  tUv  •  ah  itlAIUk  I 
111  (III  iiuu  iri  lii(*l(l  tk'tHicii  (lAii  lucil  |iaia1U1  tkiliiiJrA  wlictr  Uk  link  riuMiilKA  (Ik 
I'lNwiiillc  tliiK  ^muc(f>  iHiiiii^  (Ailing  (lie  (tA«(ii4i  i\  luikeil  At  A  oven  iiAiiuiii  i|Mril  ui 
kci'll  (iir  IIHAll  lIlKA  IA(a'  III  llw  IK  IaUv  IKlAtAUI  Hit  nH'AAUll.ll  Ml'|l  (1 IIAKIH'  14  Uk 

|Ni'»uiv  V41I  Ik  a|i|A(iauiuU'i1  Ik  a  IiiaI  miki  ii\|kkik.  I  kno  (Ik  vaIuiaIaiJ  tAiuii  aikI  Jk 
(IMtlV  UlUC  imUlAllK  <4  IW  IVV|ANI<A'A.  KV  lAll  I'lUlUAir  (llA  t llAlAl (aIIAIIIi I  l4  Iklljl  ilAAliti  Alul 
jNiiAluie  Itmei  uliiit!  >M  IIh'  |a>Umi  iiAiUi4Utl  li>  Uk'  IK  k  aUv.  it\|K«i|i«'l>  It  n  IiaumI  iIiaI 
At  A  I'.KItlAUI  cIciUIIaI  llt'IU  Sl(l'IIJ>lil  Uk  kA|ulAlA'4  |l|l'V\lUr  lAllUll  l>\  I  K  cllei  I  •ItlllAK.'N  Al 
(Ik  How  icIikiIs  iiKirAHs.  aihI  iIh-  iciIIIi!  itniv  iimMJiil'i  Alt'  Unh  Iiaii.h  Hiaii  Uh  iitUAl 
ICt|KMISt'  UlIK'  <4  I  K  lltud  'Iww  l4lM'ltA(JOUt  Alt  lllttUtltJ  llillll  Ilk  MtM|HAIII  "I  Dll 
tllUll|llll|;  IK'MoilllAIItt  'i  Allll  lilt  ttiilt'lll  I  llAIAtll'Iltlll  t 


1.  Il'truductloii 

KlctUi>rhcnU)jiicul(l'd<)  lluitls  show  iiiutguiiii:  pioix-’iucs  ol  vicliJin^!  solids  iti  ihf 
prc.sci'icc  ol  clcclnc  I'.clds  and  ol  lapid  icsjumsc  lo  ilic  cluiigc  ol  cliiiin.-  liclds'  '  '  and 
thus,  arc  unlicipatcd  sonic  applicalions  ol  industiial  UcMt.es  sucli  as  a  duinfici.  a  tahe.  a 
clutch,  an  cnjiinc  mount,  and  so  on  In  most  til  these  l-Ui  de\  ices  escept  ihe  cluu  h',  ihc  U'i! 
riuid  How  lormsa  Ftn.scuillc-llow  conligurulion.  So  lai,  howetei,  ilieie  arc  inuiu  lescaiclics’ 
’■‘‘on  the  h  ’  elTccts  in  Coucttc  llovs  conligurutions  usinj:  a  itiiais  1>(V  ihcoineici.  hut  a 
lew  researches*  on  ER  cITccts  in  Ftii.scuillc-llti'w  coiili^uration.aiid  it  seems  tliui  ihe  Uetailes 
of  the  Poiseuille-llow  ER  cllects  arc  not  yet  ciatiiteU.  And  also,  in  tlie  closed  LKl  hytliaulic 
systems  such  as  an  ER  dumper’,  an  ERE  sus|x:n.sion  system",  and  an  E.RE  sertt*  actuatin'', 
the  steady  and  transient  prc.ssurc  responses  ol  ER  lluid  coiitiolled  bs  ER  taUe"'  aic  ol 
significant  imfxirtancc  in  the  esiimatioii  and  ihc  controllability  ol  the  induced  lorcc. 
respectively.  The  response  eharactcnstics  might  niaiiily  depend  upon  the  ER  clleeLs  ol 
ER  lluid  llowing  through  an  ER  valve  and  the  compressibility  ol  the  pressun/.ed  EIR  lluid 
m  the  cylinder. 

Therefore,  in  this  research  the  authors  have  adressed  two  ejucstions,  that  is,  how  the 
ER  effects  of  ER  lluid  in  Poiscuillc-llow'  geometry  arc,  and  how  the  iransicm  resptinse  of 
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ER  lluid  in  thn  cylinder  is.  In  order  lo  an.swcr  ihcsc  qucslions,  a  piston  cylindcr-ER  valve 
cxpcnmcnUil  syslem  was  designed.  Using  tins  experimental  apparatus,  the  steady  and 
transient  pressure  responses  of  ER  lluid  in  the  cylinder  have  been  measured  against  the  step 
inputs  of  electric  field  to  the  ER  valve.  From  these  responses,  we  can  estimate  the 
eharaclensiics  of  the  steady  and  transient  forces  acting  on  the  piston  controlled  by  the  ER 
talve. 


2.  Experiment 

2. 1  ER  Fluid  Properties 

The  tested  ER  lluid  is  a  suspension  ol  the  .stong  acid  ion  exchange  resin  particles  of 
about  .S  li  111  in  diaiiieter  dispersed  into  a  20  cSt  silicone  oil.  The  nonsphcrical  rsin 
particles  made  by  milling  the  particles  of  Amberliie  lR-124  were  dried  and  moisturized 
for  a  proper  time  before  the  dispersion.  T  he  mass  fraction  of  particles  is  30  wt'.-f . 

2.2  Experimental  Apparatus  and  Procedure 

lA|x-iiineiUs  weie  |K'rtoimed  by  using  ihe  experimental  apparatus  shown  in  Fig.  1. 
consisting  ol  a  piston  of  230  mill  .stroke,  a  cylinder  ol  f)0  mni  in  inner  diameter,  and  an  ER 
v.2xe  which  has  a  channel  ol  (l.b  nim  in  highi  between  two  parallel  plate  electrodes  ol  III 
null  III  length  and  It)  mm  in  width.  The  FIR  lluid  is  Idled  in  the  cylinder.  The  apixiiaius  is 
designed  loi  testing  the  liR  eliccts  in  Roseuille  llow  gcometory.  whose  eiiMronmciil  is 
similar  lo  that  ex|X'cled  lor  a  vuricly  ol  I'.R  desiccs  such  as  an  ER  daiii|icr  lor  contiolhng 
inechaiiical  s  ibialions  and  an  ER  cube  lot  contiolling  a  hydiaulic  seno  actuator. 

Duiing  tesiing,  the  pistoins  nioscd  at  a  given  constant  sjx’cd  by  the  s|X'ed  coniiolled 


IttVjIu- 
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motor,  so  that  the  mean  How  vcltKity  between  the  elcetroUcs  of  the  ER  valve  should  be 
constant.  Under  this  condition,  the  step  inputs  of  the  clectnc  field  are  applied  to  the 
cleetrtxlcs  through  a  high  voltage  amplifier  of  the  frequency  range  Irom  DC  to  U)  kH/. ,  and 
the  resultant  pressure  responses  of  the  F.R  fluid  in  the  cylinder  arc  measured  by  a  pressure 
transducer  and  are  recorded  on  a  dcgiutl  recorder  connected  to  a  coniputci.  From  the 
saturated  values  and  the  nsing  Ume  constants  of  the  prc.ssure  responses  obUincd  on  tltc 
\apoas  conditions  of  mean  How  NelrHiity  in  the  ER  valve  channel,  the  characteristics  of 
both  steady  and  transient  pressures  controlled  by  the  ER  valve  arc  obuiincd  as  a  I'unciion  of 
the  mean  How  velocity. 


3.  Steady  Characteristics  uf  ER  Effects 

3.  /  Theoretical  Study  Based  on  Bingham  Plastic  Model 

Steady  sutc  ER  lluid  Hows  passing  through  a  channel  Itaving  a  rectangular  cross  section 
between  two  puiallcl  elcctnxJcs  arc  investigated  theoretically,  assuming  that  the  ER  Huid 
behaves  following  a  two-dimensKinal  Hingham  plastic  model  represented  by  cq  ( 1 ),  which 

T  =  r  ■  a  ( till  hly )  ( v„<>'  ^  h<  2 ) 

r  ^  I  I (''<y^  y„) 
r  =  0  (  y:=0) 

u  =  (1  tv-lE2l 

aie  delined  in  an  orthogonal  cixndinate  systein.  O-w.  with  tltc  i  a\is  ol  a  channel  ceniei 
line  and  tlic  y-a.\is  crossing  a  channel,  wheie  r  is  a  shear  stress,  r  ^  is  a  yield  stress 
HtiSTKiated  with  ER  effects,  u  is  a  flow  veliK'ity  m  the  A  dircction,  and  h  is  the  channel 
hight.  Vr  locity  piolilcs  along  the  y-axis  ate  determined  by  cq.  (2)  and  t.t).  and  dc|)cnd  on  a 


.  jxist-yield 
:  pre-yield 

}  :  boundary 
condition 


} 


tl) 


>'„<>■  = 


J  JZfil.,.  V2  /  M 


(Isv  u  fv  )  =  u  fv,,;  =  eon,si 

wheie  v„  =(!.,/ A/’,)  r 


(2) 
1 3) 


yield  stress  i  and  a  pressuie  diop  acioss  the  channel  ol  the  electiodes  A/’,- A 
wheie  AR^i  and  A/’,„  aie  given  a>  eq  (f>)  and  t7)  ies|Kxiively.  And  then,  the 
integiuUon  of  the  velocity  over  the  whole  cioss  sectional  aiea  ol  the  caimel  goes  ihe  How 
rale  Q  ol  cq.  (4),  wheie  U  is  the  channel  width  ol  10  mm  and  I,,  is  the  channel  length  ol  the 
electiodes  ol  It)  mm. 


fh‘A/\.  _  h~  r,n 


bi.  '-LiL.  \ 
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In  the  ca.se  ol  relatively  high  s|x-cd  How  ws  the  How  conditions  ol  this  e\|X'rintenis,  a 
total  pressure  drop  across  the  whole  channe'  AR  ,  =/'  R,  .  where  /’  is  a  piessuie  in  the 
cylinder  and  R,  is  an  aUnosplieiic  prc.ssure.  is  appioximatcd  by  eq.  t.S)"  Thai  is,  AT  ,  is 
devidcd  into  two  comjxinents.  one  is  a  viscous  component  AR„=  AR,+  AR^  and  the  oihci 
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is  an  elecirorheoiogical  component  APg^.  L„  is  the  whole  channel  length  of  18  mm. 


AP,.  =AP^+AP„+AP^=AP,  +  AP^  . (5) 

4P.={12//(L.-LJ/Bh’}i2.  AP^=02ALJBb’){2  (6) 

AP^  =(3L./h)  r  a,  (7) 


Therefore,  if  tlie  pressure  increase  A/’j.j,  caused  by  the  application  of  the  electric  field  is 
measured  under  the  condition  of  a  constant  flow  rate,  the  yield  strc.ss  r  ^  due  to  the  ER 
cn'ccis  can  be  estimated  from  the  AP,j,  using  eq.  (7). 

Figure  2  shows  the  dependence  of  thctiretical  vehxtity  profiles  at  a  constant  mean  How 
velocity  U  on  an  electric  field  strength  E.  which  arc  obtained  from  eq.  (2)  and  (3).  The 
vcUxiity  profiles  dramatically  change  with  the  clectnc  field  strength.  That  is,  as  f  is 
increased,  a  plug  How  region  appcai.s  around  a  channel  center  and  expands  to  both  electrode 
walls,  and  the  pressure  drop  AP^  increases  to  keep  the  mean  How  velixaty  .same.  The 
increase  of  the  mean  How  velocity  reduces  the  plug  How  region  as  obvious  on  compunng 
l  ig.  2(b)  wiUi  Fig.  2(a). 


I'lg  2  I  In'iHvlual  vvliHilv  (irdliics  at  oHislaill  iiiviiii  ilow  t'  Iu.s4.'d  ii)i  lJu'  lliiigluiii  |>U^m 

iiiikU'I.  w  luili  sUimgl)  ik'jK'iiJ  on  iliiuu  livUI  slicngdi  I-.  >uiJ  iiicssiiic  >lio|)  A  /V 


3.2  Pressure  Drop  AP,u  Due  To  ER  Effects 

i-iguie  3  shows  ihe  picssuic  ies|)oiiscs  ol  the  EK  Huid  iii  tlic  cyliiidci  to  a  senes  ol 
several  square  voltage  Vinpuis  hav ing  dillcieiil  levels,  w Inch  were  measuied  under  the  Iwo 
conditions  ol  ihc  iiieai.  How  velocuv  IJ  The  pressure  /’levcisiblv  uses  and  lalls  against 
ihe  on-oll  sw  lahiiig  ol  Itie  eleeuie  Held,  and  ihe  piessuie  ineieuse  .  eoiies|X)ndiiig  to 

ihe  pressure  diop  aeioss  ihe  eleelrode  ehaiiiiel  due  to  the  EK  clleels.  i  leases  w  nh  increasing 
input  voluiges.  Uui.  il  the  mean  How  velocity  iK-eoines  high<  A/’,,,  eonqxmcnts  aic 
reduced  .is  seen  in  Fig  t(bi  Thus,  the  levels  o|  AP,^  eoin|x>nents  deixiul  on  ihe  mean 
How  veloeily  between  the  eleeliodes 

The  Vaiiaiuiiis  ol  tin.-  eomfxiiieiit.s  against  the  mean  How  velocity  aie  shown  in 

Fig  4  in  teiiiis  ol  the  elccliie  Held  stienglh  /;  "  Wh.  Foi  each  elecuic  Held  siiength  as  the 
mean  How  vehxily  U  is  iiicieascd.  AJ\^  comixnienl  lends  to  decrease  ulmo.sl  expviiientiully 
lioin  a  maximum  value  A/‘|^„ai  U  =(i  and  loeonveige  to  a  value  A/',,,,,  ul  a  sullieicniJy 
high  How  veloeily  While,  the  increase  ol  the  eleeuie  Held  strength  raises  AP,^„  and  A 
/'i-ns  weakening  ihc  dee  leasing  rate  to  the  How  velocity  The  weakening  ol  I-RcHccts 
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0  20  40  «)  SO 

Tiinr  /  set 

(a)  I  =  7.6S  till  s 


1 1  me  I  set 

III)  I  4<i  *S(.m  s 

i  It!  t  I  mu'  lutes  tl  piessiue  ies|SHi\e  u> «  seiics  >it  seseui  st|inrc  iilpiil  lollatic.  hIikIi 
sliiHitils  (ieiK'iiil  oiiilie  mean  Him  scl(iti:\  r 

vs  all  intieasiin:  llnvv  velivih  sujjjiesls  Itial  iht  tlusU.-!  Iiumaluin  nl  tlisix-rseii  pailitles  iiia\ 
iJe|x'i>tl  upon  (he  llmv  vclix'Uj 

3.3  Approximate  Function  For  Estimating  ^  P,«  Component 

li\  assuming!  ihe  abuse  nieiaunievl  tletituMUi!  thaiatteiisius  <>l  tiim|xintiil 

ayainsl  llie  lUiss  sclivils .  ihe  lulliissinp  appiuMinulc  luneliiui  lui  eslimaliiip  tiim|>>iiem 
tan  be  pri)[X>seij  in  leims  nl  ihe  tletliit  lieltl  s(ien(>tli  anti  the  llnst  selntils 

A/’^=  A/'i.*„  (A/V^„  -  e  '""l  . (S) 

The  applieainm  i>l  a  tui'se  laiinji  mtihntl  in  ihe  t\peiimenlal  tlala  pises  Hit  values  .i|  A 
P|*ii  •  /?(/■,'),  anti  liiletl  tuises  Ini  eaeli  elceiiit  lielJ  sirenpih  h  .  sshith  ajt 

intiieuieii  in  l  ip.  4  The  laictl  turves  shim  a  laul\  pinxl  appinMinuUnli  nl  ihe  evpeiimcnlal 
dala,  sn  a  tan  be  tniitlutlctl  lhai  ihc  appinMinaie  luntlinn  nl  cq,  (K)  is  suilablc  Ini  esiimalinp 
ihe  lev  els  nl 

Nc\l,  Ihrcc  luiamcicrs  nl  Al’,.^„  ,  APu,^  .  and  |}^E)  nblaincd  in  1  ip.  4  shnuM  be 


•r- 
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Mean  flow  velocity  U  cin/s 


4  Vanatiuiis  of  pressure  drop  4uc  lo  lilt  cITccis  iu  terms  ul'  luetui  lluvv 
vehicil)’  U aiul  electric  I'ield  sticiiglii  h 


/■;'  kV‘/inm‘  kV'ymm' 

lig  5  Rclauoii  beluecii  niaMinuili  pressure  drop  lig  6  (\»iivergcul  pressure  drop  at  sufnciciitly 

A  „  at  t/=0  and  the  square  ol'  elecuic  high  flou  velocity  as  a  I'mictiou  ofllic  square  of 

field  strciigtli  elcctnc  field  shcugtii 


4S3 


X  in  ‘ 


I  ig.  7  l-.jisxxicnt  I!  (W  as  a  function  of  electric  field  slreiigtli  /■., 

arratigcil  as  a  runction  of  the  electrical  field  strength.  As  shown  in  F'ig.  5,  increases 

in  prupurlion  to  the  .square  of  electric  field  .itrcngth,  according  to  the  relationship  of 
=  13,8  And  also,  the  increase  of  the  convergent  pressure  ha.s  a  proixrrtionul 

relationship  to  the  square  of  the  electric  field  strength;  r3/^,,j,,,=3.55  E^.  as  seen  in  Fig.  6. 
Figure  7  shows  the  relation  between  the  exponent  /?  and  the  electric  field  .strength.  If 
both  of  them  arc  represented  on  a  log  scale,  a  linear  relationship  between  the  logarithms  of 
them  arc  obtained.  That  is,  the  exponent  0  (E)  is  found  to  vary  inversely  as  the  square  of 
the  clcetric  field  strength,  according  to  tlic  relationship,  0  (t')=0.()2(')5/i*.  As  a  result,  the 
approximiuc  function  of  AI\^  component  is  given  as  follows; 

AP,^{E,U)=  <2£'-(«Z;'-yt‘Kl-c"®‘')  . (9) 

where,  <7  =  13.8,  )'=3.55,  0  {E)~0.02b5l E\ 

3.4  Total  Pressure  Drop  A  P,  Across  ER  Valve  and  Yield  Stress 

The  total  pressure  drops  AF,.  across  the  HR  salve  ,  which  correspond  to  the  pressure  P 
in  the  cylinder,  arc  plotted  in  Fig.  8  in  terms  of  the  mean  flow  scUxnty  U  and  the  electric 
field  strength  E  .  The  approximate  curves  of  AP.^,  which  arc  calculated  by  adding  the 
clcctrorhcological  component  AP^;^  of  cq.  (9)  to  the  viscous  compsrncnt  AP„  represented 
by  i).blU  experimentally,  arc  drawm  in  the  same  figure,  and  have  a  fairly  gixx]  agreement 
with  the  experimental  results.  Thus,  it  is  po.ssiblc  to  estimate  the  pressure  drop  AP^  across 
ihe  ER  valve  with  a  fairly  gixxl  accuracy. 

Since,  in  ihis  experimental  system,  the  How  vclixiity  U  and  the  pressure  drop  AP,  are 
related  to  the  piston  speed  and  the  force  acting  on  the  piston,  respectively.  Fig.  8  icprcscnLs 
the  relation  between  a  piston  speed  and  a  damping  force  controlled  by  ER  vuKc  in  an  ER 
damper.  Therefore,  it  is  expected  that  a  high  level  of  the  dumping  force  is  caused  by  E,R 
effects  in  a  range  of  relatively  low  piston  speed,  but  as  the  speed  becomes  higher  the 
dainping  force  is  weaken  due  to  the  decrease  of  ER  cl  feels. 
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i'il’.  H  VariatiiHi.s  uf  uiuil  incssiirc  drop  wiili  mean  Dow  velocity  U  and  cleetrie  Held 
slrenjlUi  and  the  apirroximatc  curves  ri;|Kcsenlcd  by  eq.  (9). 


I  ig.  9  Yield  stress  r  esUinaled  Ironi  Uie  measured  against  luc-an  flow  velocity  U 

and  electric  field  strcngUi  b'  aud  die  approximate  curves  represented  by  eq.  (10). 
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The  yield  stress  z  eim  be  estimated  from  the  measured  eleclrorheological  component 
,  according  to  the  cq.  (7).  Figure  9  shows  the  estimated  yield  stress  against  the  flow 
veUKity  in  terms  of  the  electric  field  strength  and  the  approximate  curves  of  r  ^  represented 
as  follows; 


,E^~{a  . (10) 

where,  a  ,  =0.28,  y  ,  =0.Cf7.  /3  (£)=0.0265,'£' . 

When  the  electric  field  strength  E  of  2  kV/nim  is  applied,  the  yield  stress  r  caused  by 
ER  cffecLs  ranges  from  0.5  to  0.9  kPa  depending  on  the  flow  velocity. 

In  Fig.  10,  the  changes  of  the  mcasureu  total  prc.ssure  drop  AP^  with  U  and  E  are 
compared  with  that  of  the  thcorcucal  one,  which  is  calculated  from  cq.  (4)  and  (5)  using  the 
relation  of  r,„  (E.  0)=6i  .  The  theoretical  A,P^.  increases  with  increasing  the 

electric  field  strength  E  as  well  as  the  measured  APy,  because  of  the  increase  of  AP^J^ 
compernents.  Measured  AP^J^  components  slightly  decreases  with  increasing  How  velocity 
.  but  even  if  the  flow  velocity  is  increased,  theoretical  A/*,,,  componerts  arc  almost  constant 
except  a  range  of  very  slow'  llow’  vcUx'ity, 


l-ii;.  It)  ( liunpari.soii  of  eluiiuics  of  Uworeiical  tout  iircssurc  drop  A/',agaiiii>'  mean  flow 
velocity  U  w'ilh  ihai  of  measured  one,  iii  terms  of  clcclnc  field  strcnj'tli  /; 


4.  Transient  Pressure  Response  to  Step  Input  of  Electric  Field 
4.  /  Transient  Pressure  Response 

Figure  1 1  shows  transient  responses  of  the  pressure  in  ihc  cylinder  against  the  step 
input  of  voltage  to  the  ER  valve,  which  can  be  approximated  by  a  first  order  response.  In 
the  bottom  side  ol  the  figure,  the  approximate  first  order  responses  arc  drawn  in  the 
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enlarged  marncr,  after  smoothing  the  experimental  respionses  to  remove  noisy  comptonents. 
The  estimated  time  constant  in  ‘.he  case  of  Fig. 1 1(a)  is  0.19  second,  which  is  fairly  longer 
than  the  usual  response  time  i  several  millisecond)  of  ER  fluid.  When  decreasing  fne  flow 
velocity  U  as  shown  in  Fig.  11(b),  the  lime  constant  is  0.38,  which  is  longer  than  I’l. 
previous  one.  The  decrease  of  the  volume  of  ER  fluid  in  the  cylinder  under  the  same 
condition  of  the  flow  vekeity  as  the  case  of  Fig.  1 1  (b),  shortens  the  lime  constant  from  0.38 
to  0.21  second  as  seen  in  Fig.l  1(c).  Thus,  '.he  time  constantT  depends  on  both  of  the  How 
N'elocity  U  at  the  ER  valve  and  the  volume  ^.of  the  ER  lluid  in  the  cylinder.  Therefore,  it 
is  supposed  that  the  transient  responses  of  the  pressure  in  this  cxperimenuil  system  result 
from  the  comprc,ssibility  of  the  ER  fluid. 


Tunc 


Tunc  i  see 


(a)  0=  17,82ciii.5.  Vc=.S72cm' 


(b)  U  =  .S  37  cm  s.  t'c=  .S72  cm' 


l  ig  ll  I  rawsi'Uif  pressure  rcs|X)nscs  lo  sU'p  voiage 
input  U)  HR  valve*  whicli  con  \ic  approxirnauid 
CuIh:  first  onJc: .  and  the  niccisurcd  litnc  ct^uslaiits 
wliich  (IcjKnd  on  mvan  How  velocity  U  and 
the  volume  of  fluid  in  tlie  cylinder  Uc. 


1.C)  t/ =  5.37  ciii/s.  V’c=289ciu‘ 
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4.2  Theoretical  Analysis  on  Transient 
Pressure  Response 
The  transient  pressure  responses  arc 
investigated  theoretically  lor  the  analytical 
iTKxlcl  as  shown  in  Fig.  12.  asstiining  the 
compressibility  of  ER  fluid.  The 
conscivation  equation  is  given  as  cq.(  1 1), 
and  the  relation  bciwecn  the  How  rate  Q 
and  the  pressure  drop  AP.^.-  P  —P^  across 
the  ER  valve  is  giver,  as  eq.(12), 
considenng  a  Iluid  inertia  and  a  How 
resistance  within  the  ER  valve  channel. 


P^P^+AP 

Fig.  ir  Aiialylical  modul  for  Lrausioul  pressure 
respoase 


K  cit  (it 


-Q 


(111 

(12) 


where,  Al  and  p  arc  the  bulk  modulus  and  the  density  of  ER  Iluid,  respectively,  A  is  the 
area  of  the  piston,  and  A^  and  are  the  cross  sectional  area  and  the  How  rcsisuincc  of  the 
ER  valve  channel  lespicctivcly.  Assuming  very  small  fluctuations  of  'he  pressure  P  and  the 
How  rate  Q  around  the  equilibrium  state  denoted  by  zero  subscript  ,  and  considering  the 
relation  of  A(clxidt)-Qj  in  a  steady  state,  tiansfomi  the  cq.(  1 1 )  into  the  following  equation. 

h±AP=-AQ  . (13) 

K  dt 


And  also,  by  eonsidering  the  small  change  AR^  of  the  flow  resistance  caused  by  ER 
clTcets,  the  equation  ( 12)  is  transformed  as  Ibllows; 

^^j^AQ^R^AQ=AP-Q^AR,,  . (14) 

where  =  (P^  -  PyO^  ■  Eliminating  AQ  from  the  cq.(  13)  and  ( 14)  derives  the  following 
differential  equation  which  represents  the  rc.spr)nsc  of  AP  to  AR^ . 

^'^i^l.(AP)+Yj^(L^AP)+AP  ^q^AR„  . (15) 

^  \  ^  di  ^ 

And,  by  applying  the  Laplace  transfonnation  to  cq.(!5),  the  transfer  function  of  the  pressure 
P  to  the  rcsismncc  f?„of  ER  valve  is  wntten  as  follows; 


Ls^RooS+HC 

where,  s  is  the  Laplace  oiyera'or,  L=pl„  M,,  and  C=VJK.  This  transfer  function  Is 
second  order,  but  me  measured  response  of  tlic  pressure  is  approximated  to  be  first  order  as 
mentioned  in  section  4.1.  Therefore,  it  can  be  considered  that  there  is  almost  no  effect  of 
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ihc  lluid  inertia  vmihin  the  ehanncl  mi  the  piceeute  ici>|>aiK«:  So.  ncjtlcximi:  the  itwitia 
o|  LK  lluij  and  assuming  that  the  Ihivk  icsieuuiee  laiu-'^  in  pto^riuliiMiai  in  the  'ajuaie  ol 
input  vullatiC  to  l-J<  val\c  ( Kj>.)  =  a  ■  V'Is)’).  the  lollouiii}!  Iiri>i  ordei  lian'-lcr  fuiKlionol  the 
picssurc  P  (s)lo  the  sqiMic  o!  mjiut  voltuiie  is  (tisen.  uliose  tii.ic  consunt  T  is 


V(.s)^  1+7' s 


(P) 


From  the  fact  that  the  time  eonstaiit  is  calculated  tu  tv  sevcial  iiilliseeond  which  is  laiilt 
shorter  than  the  measured  time  constant,  it  can  be  concluded  that  the  mea-suicd  pressure 
responses  arc  independent  ol  the  inherent  compiessibility  ol  UR  iiu.J. 


4.3  Transi'snt  Pressure  Response  Due  to  Compressibility  of  ER  Fluid  Contauning 
Air 

In  this  section,  the  measured  transient  prcs.suic  resp»n.scs  arc  undcrsUxxi,  assumiiij’ 
that  the  tested  ER  lluid  contains  some  tine  air  bubbles.  The  assumption  ol  iscntropic  slate 
change  of  air  gives  the  bulk  modulus  of  air;  /f„=  K  P^  where  K  is  the  specific  heal  ratio  of 
air,  and  the  time  constant  of  the  pressure  response  represented  by  the  follow  ing  equation. 


where,  v„  is  the  volume  of  air  at  the  equilibrium  pres.surc  P^. 

Figure  13  shows  the  comparison  of  the  measured  time  constants  with  the  theoretical 
time  constants  which  arc  estimated  from  cq.{18)  by  a-ssuming  that  the  volume  fraction  of  lur 
to  the  ER  fluid  is  0.5  %.  Changes  of  the  cslimalcd  lime  constants  against  the  cylinder 
volume  Vj  and  the  flow  velocity  U  arc  almost  .similar  to  that  of  the  measured  time  oonsUrnts. 


rig.  13  Coaipansou  of  measured  time  couslant  7' with  thcoictical  time  eoiistaut  estimated  from 
eq.  ( 18).  in  terms  of  mean  flow  velocity  U  and  volume  Vc  of  liK  fluid  in  die  cylinder. 


i  .  It  van  Iv  '.•m>  IikUiI  that  thi  liaUMi  nt  rt  vi^mM  4  liv  )'<k  •At;ii  .  i  thr  iirnt  nlal 

‘•v ^tvm  iiuml\  lit'|Kn<Jl^  >>n  ihi  V  '•ahilil\  >4  •  ‘  .a;  J  vi<«lainint;  v- i  <  huv  ilu  ahi'^i 

<>i>si i\ aUiins  su^^isl  lhal  (hi  licaiijlnai  <>1  IJ<  liuiJ  aikl  iht  ililItti'M  ‘4  |>a((iiit  i 

mast  Iv  c  iinMiitiid  In  ihi  lianMtnl  I'ti-ssuii- :is|si«s«a  .4  hiviuulu  IJ4  iKnii-s 

>.  CuiKluttlulU 

I  hi’  (nMnii  vAliiuli’i  1J<  (jIh-  s\sum.  in  whuh  lh»  IJ4  lalsi  i>>nsisis  i>|  iw.>  luiallil 
I'll'itinik's.  has  iK’vn  ik'si^lti'd  In  lliv I'sll^Jti'il  (hi  sU.b‘\  and  Uaiisnnl  li'S)kins(s  iv|  ihi 
pii'ssuti-  in  thi'  lAlindi't  In  an  m|Hii  inluivV  I  miii  iht  vaiuiaUd  'aluis  and  ihi  iism^  (inu 
i  nnslanls  nl  thi'  step  ii’s|ttmsi.'s  i4  Iht  (Xtssiut.  tahii  h  utit  >4>4aintd  nii  thi’  laiinus  innilili'  >11  s 
III  the  llnw  icliKU),  in  iht  [M  lal't  ihaimtl.  nt  muld  tsUnialt  tht  ihaiai itiistu s  nl  Nith 
sttuili  and  d\tumii  liMits  aiim):  nii  tht  pisinn  innlindtd  >'/•  iht  i.K  lalii.  its|H-i iiitl> 

The  steads  pitssuit  dmp  aiinss  tht  i.K  laiit  ijustd  hi  IJ4  tlltils  imitasts  in 

pii>|>)rtii4i  In  tht  squait  nl  tlttlin  litid  stitngih  l  \  uliilt.  divita-sts  I’VjmtitntiaJU  mth 
illtl'cu.sing  llnii  itliK’ilN  LI  and  then  tmntigts  In  a  mtaiii  lalut  n|  thi  pitssutt  denp  al 
'aiiliciently  hijih  lUm  stlntiiy  uhith  dtiK'iids  nii  tht  tlttUii  litid  stgtn|:ih  As  a  itsull. 

Mas  appriiMMUtcd  t)>  ilu  inllnMint:  t(|tutinn 

AJ\^(i:.  U  )=  ra  1.  ‘  -I  a  !■:  ‘  y  I,  •  >,(  1  t  1 

The  abnvc  chaiatU'itMit  nl  Af‘,^  in  itims  nl  tlit  Unit  xtlimiy  iiitans  that,  in  the  last  nl  an 
ER  damper,  the  damping  pctinimaiitt  umstiisas  iht  linu  iclntilv  is  intitustd. 

The  mea-sured  transient  step  ies|Kmses  the  picssuic  tnuid  be  appin\imuled  In  be  lirM 
order.  The  measured  using  time  cniisLants  nl  the  ies|)nnses  siere  laiily  longer  than  the 
usual  response  time  nl  ER  lluid,  and  ehaiiged  vitth  the  Ihm  leloeits  and  llie  EJ^  lluid 
volume  in  the  eylinder.  The  iioiseinng  ni  tin-  iiansieiil  thaiui'leiistii.s  is  due  to  the 
compressibility  ui  air  containing  in  the  i'.K  lluid,  and  the  piessuit  ies|>)n.su  in  this  sysa-m 
can  be  estimated  Irom  the  dynamic  analytical  model  ahtch  is  led  by  considering  the 
compressibility  of  ER  lluid  containing  an 

The  above  observations  obtained  in  thus  le.scarch  are  im|Jortam  Ini  the  design  and  the 
engineering  application  ol  liR  dc\  ices. 
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ABSlRACn 

A  lu{jh-!i|)oed  ruciprocatiii);  iiicchanisiii  is  dcsciilicd  in  ordci  (o  |»ovidc  the  basis  of  a 
general  investigalioo  iniu  the  required  properties  of  cleciro-iheoUvgical  fluids  and 
associated  materials  for  use  in  flexible,  menial  mechamsms.  Ibc  dynamic  model  of 
this,  when  run  for  realistic  existing  nuchine  requircmcnis  clearly  illusUau  tlie  need  for 
a  fully  integrated  approach  to  high  sueed  machinery  design  Hie  wor>  sets  quaniifird 
targets  and  draws  aiieiitUvi  to  the  need  for  the  coniinuiiig  development  of  Improved 
clcctro-rhcologieal  (lutds  which  will  have  high  yield  stresses  with  acceptable  viscosities 
and  the  coiidiliotis  they  inusl  ojier.ile  under  high  shear  rales,  centrifugal  loadings  and 
accclcrulioiis. 


1.  Iiilrutlucliuii 

Indusiriiil  orjiaiiisations  arc  constantly  seeking  to  Improve  tlic  quality  and  reduce 
the  cost  of  their  output  I  his  results  in  two.  often  conllicting.  requirements  for  new 
processes  and  maelnncs  I  irstly,  the  speed  of  operation  should  he  uprated,  which 
increases  the  throughput  Secondly,  the  Ilexihility  of  the  maehmc  should  be  improved, 
which  reduces  the  time  speiii  m  changing  the  machine  to  protltice  a  modilled  or  dilfereni 
output.  Improved  operational  speeds  can  sometimes  be  achieved  through  the  use  of 
purpose-made  machines,  often  using  mechanical  niecliani.sms  such  a.s  linkages,  gears  and 
cams.  However,  the.se  tend  to  be  inflexible  and  very  long  delays  can  occur  whilst  the 
machine  is  re-contigured  in  order  to  modify  or  change  the  output.  On  the  other  hand, 
electro-magnetic  machines  using  devices  such  as  controllable  motors,  solenoids  and  other 
electro-magnetic  devices  tend  to  be  more  flexible,  thus  reducing  change-over  times. 
However,  they  do  tend  to  have  significant  ineiiias  and  also  the  fairly  long  time  constants 
associated  with  electro-magnetic  devices;  both  of  these  will  limit  the  speed  of  operation 
of  the  machine.  Thus  whilst  flexibility  is  improved,  the  output  speed  is  often  limited  and 
is  usually  less  than  a  purpose-made  mechanical  machine.  This  dilemma  between  output 
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speed  and  flexibilily  is  u  uoiniiioii  feature  of  high  speed  machine  design  huilher,  it 
liighlights  Utc  necessity  of  adopting  a  fully  mcchatronic  approach  to  the  design  of  any 
high  speed  machine.  Tliat  is  a  full  mechatruitic  model  of  the  design  is  required  to 
investigate  the  complex  interactions  between  the  mechatiical  attd  electrical  parameters  of 
the  nuchinc,  in  order  to  give  resolution  at  high  speed. 

One  technological  area  which  is  showing  significant  promise  in  the  dcvclopmcnl 
of  high  speed  machines  involves  devices  which  use  Electro-Rheological  tluids.  One 
Elcctro-Khcological  device,  a  cylindrical  clutch,  has  demonstrated  potential  benefits  in  its 
speed  of  operation  and  controllability  1.  This  paper  will  describe  the  use  of  tlie  clutch  to 
produce  a  higli  speed  reciprocating  mcchanistn.  One  aspect  of  a  mcchatronic  model 
developed  to  describe  its  dynamic  pcrfonnancc  is  described  and  rc.sults  showing  the 
perfomiance  are  presented. 

2.  Reciprocating  Mccliaiiisnt 


Figure  1  Sclicnialic  view  oftiiyh  si>ced  dectio-rlicological  reciprocating  incchanisni 


A  schematic  view  of  the  high  speed  reciprocating  mechanism  is  shown  in  figure 
1 .  It  consists  of  two  vertically  mounted  cylindrical  electro-rheological  clutches  A  and  13. 
Tlie  input  rotors  (1)  of  each  clutch  arc  driven  in  opposite  directions  by  th.cir  own  speed 
controllable  electric  motors.  An  important  conceptual  feature  of  the  cicctro-rheological 
clutch  us!‘,d  in  this  arrangement  is  that  the  input  rotor  (1)  should  run  at  a  constant  speed 
tliroughout  tlie  reciprocating  cycle.  This  is  effectively  achieved  by  having  the  inertia  of 
the  input  rotors  and  the  elcciric  motors  large  compared  with  that  of  the  output  rotors  (3), 
pulleys  (4)  and  belt  (5).  The  belt  could,  for  example,  carry  a  positioning  arm. 
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The  vertical  configuratioit  is  choscii  in  order  to  climiiiute  the  need  for  bearings  or 
seals  in  contact  with  the  electro-rheological  fluid  (2)  so  as  to  minimise  the  frictional 
losses  on  the  output  rotor  (3).  I'hc  output  rotor  (3)  is  constructed  using  a  plastic  material 
wiUi  a  conducting  material,  coated  onto  the  high  voltage  electrode  regions;  for  safety 
the  input  rotor  (1)  is  earthed.  The  output  rotor  (3)  is  connected  to  a  pulley  (4)  which 
drives  the  reciprocating  belt  (5).  The  materials  and  constructional  details  for  tlic  output 
rotor,  pulley  and  belt  need  to  be  chosen  to  keep  the  inertia  of  these  parts  as  low  as 
possible.  This  enables  the  reciprocating  mechanism  to  respond  quickly  to  changes  in  the 
clcctro-rhcological  torque  applied  to  the  clutches. 
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I'hc  reciprocating  cycle  is  defined  in  figure  2  and  is  produced  by  aitenialing 
which  clutch,  A  or  B,  is  energised.  Important  parameters  defining  the  reciprocating 
cycle  arc  Uic  constant  belt  velocity,  u;  the  constant  velocity  travel  distance,  Su;  the 
stopping  distance,  .vj;  the  run-up  distance,  Sr.  the  travel,  /.v;  the  time  at  constant 
velocity,  tu\  the  stopping  time,  ts\  the  run-up  time,  tr,  the  tuni-round  time,  t/r,  and  the 
cycle  time,  tg.  Relationships  between  these  quantities  are  given  by 

~  hr  “  V  h'  "  )  ( 1 ) 


3.  Simulation  Model 

3. 1  Assumptions 

In  order  to  develop  a  dynamic  model  the  tnotion  of  the  reciprocating  mechanism 
a  number  of  a.'isumptions  need  to  be  made;  these  will  now  be  detailed. 

1 .  The  electronic  excitation  to  both  clutches  A  and  B  can  be  switched  on  and  off 
with  negligible  and  repeatable  time  delay.  That  is  the  excitation  is  considered  to  be  a 
perfect  step  input.  Justification  for  this  is  given  in^  where  rise  times  of  20  [is  have  been 
measured. 

2.  Tlie  electro-rheological  torque  follows  this  step  electronic  excitation  change 
after  a  short  electron-hydraulic  time  delay,  Typically  this  delay  between  switching 
on,  or  off,  the  electronic  excitation  and  the  development  of  the  electro-rheological  torque 
is  of  the  order  of  100)is  and  is  repeatable  for  given  conditions  of  operation.  The  effect 
can  thus  probably  be  allowed  for  by  initiating  the  electronic  excitation  step  before  the 
electro-rheological  torque  is  required.  Additionally  the  full  electro-rheological  torque  is 
assumed  to  reach  its  short  time  valued  instantaneously,  that  is  with  no  significant  rise- 
time.  This  is  a  difficult  value  to  measure  due  to  the  lack  of  suitably  fast  response  torque 
transducers.  The  electro-rheological  torque  is  therefore  treated  as  a  pure  step  function 
in  botli  the  on  and  off  modes. 

3.  During  the  electron-hydraulic  time  delay  it  is  assumed  that  no  change  in 
velocity  of  the  output  rotors  takes  place  due  to  viscous  drag. 

4.  The  velocity  profile  across  the  electro-rheological  lluid  is  assumed  to  be  linear 
during  the  acceleration  period,  that  is  during  clutch  slippage.  I'herc  is  no  known  basis 
for  this  assumption  since  tlie  acceleration  of  a  plastic  constitutive  fonn  has  not  been 
investigated  in  the  time  domain.  It  does,  however,  enable  the  viscous  torque  on  the 
output  rotor  to  be  specified. 

5.  The  effects  of  fluid  inertia  are  ignored,  that  is  no  allowance  is  taken  of  the 
torque  needed  to  accelerate  the  fluid  surrounding  rotors  during  slippage.  Again  no  real 
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basis  exists  for  this  assumption,  but  some  initial  assessments  suggest  the  inertias  will  be 
negligibly  small,  for  inter  electrode  fluid  gaps  of  between  O.S  and  1.0  mm. 

6.  Frictional  losses  on  the  output  rotors  are  assumed  to  be  negligible  since  there 
are  no  seals  and  the  rotors  are  mounted  on  bail  bearings. 

7.  Isothermal  conditions  only  arc  considered,  but  sec^ 

8.  The  clcctro-rheological  shear  stress  Xc  is  assumed  to  be  invaric.tt  with  the 
shear  rate  y  and  the  zero  volts  viscosity  ^  is  assumed  constant. 

All  dimensions,  masses  and  inertias  have  been  calculated  from  drawings  used  to 
produce  an  experimental  rig  which  is  currently  undergoing  proving  trials. 

3.2  Mode!  Development 


V  tdl  it  It! 

- (iiouitive  diroclion) 
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Figure  3 


Free  body  diagrams  for  reciprocaiing  mciliaiiism  (clutch  A  energised,  clutch  B  not 
energised). 
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The  free  body  diagrams  for  the  two  clutch  output  rotors  wiili  their  associated 
pulleys,  and  also  for  the  belt,  arc  shown  in  figure  3,  for  a  typical  position  when  clutch  A 
is  energised  and  clutch  B  is  not  energised.  The  linear  motion  of  the  belt  (displacement  .v, 
velocity  v  and  acceleration  a)  are  related  to  the  angular  motion  of  the  pulleys/oulpui 
rotors  (rotation  Q,  angular  velocity  w,  angular  acceleration  a)  by 

s  =  rO  V  =  rco  a  =  ra  (2) 

where  r  is  the  effective  radius  of  the  pulley.  Both  s  and  0  arc  zero  at  the  centre  line 
position  0  in  figure  2  when  the  time  I  is  also  zero. 

Considering  firstly  the  energised  clutch  A.  The  cicctro-rhcological  torque  Te  on  the 
output  rotor  is  given  by 

(3) 

where  tc  is  the  electro-rheological  shear  stress,  do  and  di  are  the  diameters  of  the  outer 
and  inner  surfaces  of  the  output  rotor,  and  /(./  arc  the  cicctro-rhcologically  active 
lengths  on  the  outer  and  inner  surfaces  of  the  rotor  respectively. 

The  viscous  torque  7'oa  on  the  output  rotor  is  given  by 

=  7‘yoAi^oU-2-+HY,Ai^<Uv,)~^ 

where  ft  is  the  fluid  viscosity,  and  arc  the  slicar  rates  on  the  inner  and  outer 
surfaces  of  the  output  rotor  respectively,  and/j,,  are  the  vist  usly  active  lengths  on 

the  outer  and  inner  surfaces  of  the  output  rotor  respectively.  The  shear  rates  y,^  and 
are  assumed  to  be  given  by 


-  r,A^  ,  (5) 

where  Q  is  the  angular  velocity  of  the  input  rotors,  ho  and  /i/  are  the  radial  gaps  between 
the  input  and  output  rotors  for  the  outer  and  inner  gaps  respectively,  and  u)  is  the  angular 
velocity  of  the  output  rotors  at  the  general  in.stant  in  time  /. 
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Hence,  putting  (5)  into  (4) 

Toa  =  (6) 

(  4/io  4/1,- 

Applying  Newton's  second  law  to  the  output  rotor  A  together  with  its  pulley  gives 

Te  +  T,^-FAr-^la  (7) 

where  Fa  is  the  force  between  the  pulley  and  the  belt  and  I  is  the  nioinent  of  inertia  of  the 
output  rotor  and  pulley  assembly. 

Now  considering  the  tm-cticrgiscd  clutch  B.  llic  viscous  torque  Iqh  on  the  output  rotor 
is  given  by 

'hm  =f^yo/y('f4/vu)Y+/Jr,7i(M/w)Y  (?) 


tlie  shear  rates  y^l|  and  on  the  outer  and  inner  surfaces  of  the  output  rotor 
respectively,  arc  given  by 

r.„— ^  <'» 

Hence  putting  (9)  into  (8) 

+  +  (10) 

Ah,,  Ah, 

Applying  Newton's  second  law  to  the  output  rotor  B,  together  with  its  pulley,  gives 

(11) 


v/hcrc  Fii  is  the  force  between  the  pulley  and  the  belt. 
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Finally,  considering  the  belt  ajid  applying  Nc'vton's  second  law,  gives 

where  m  is  the  mass  of  tnc  belt,  and  using  (2) 

Combining  equations  (7),  (11)  and  (13)  gives 

Te  +  ToA-T'oB=^['i-f  +  r’ir^)o( 
Combining  equations  (3),  (6),  (10)  and  (14) 
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but  a  =  —  and  dicrcfore 
dt 
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Equation  (16)  is  the  basic  dilTcrciuial  equation  defining  the  motion  of  the  clutch  Iroin  the 
moment  that  clutch  A  is  energised  (point  1  on  figure  2)  until  the  instant  when  no  flipping 
is  occurring  at  clutch  A  (point  3  o.i  figure  2).  An  identical  equation  can  be  derived  to 
define  ti.c  me  .ion  wlien  clutch  B  is  energised  (point  4  to  point  6  on  figure  2).  Between 
points  6  to  1  and  points  3  to  the  motion  i.s  simply  con.stant  velocity. 

In  order  to  simplify  the  analysis  further,  let 
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equation  (16)  then  becomes 


dt=  dm 
B  —  Cco 


(18) 


This  equation  is  of  standard  form  which  can  be  interpreted  to  give  the  following 
equations  which  define  the  motion  of  the  belt. 

(a)  Belt  position  s,  oclt  velocity  v,  pulley  angular  position  6  and  pulley  angular 
velocity  aj  at  the  instant  in  time  after  the  clutch  A  is  energised. 


v  =  na  =  r 
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(b)  Stopping  time  Is,  stopping  distance,  ss 
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(c)  Run-up  time  tr,  run-up  distance,  i'r 
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The  complete  motion  is  described  using  the  appropriate  combination  of  equations 
(1)>  (2),  (16),  (19-24).  Typical  results  and  their  implications  arc  discussed  in  the 
following  section. 


4.  Reciprocating  Motion 

In  tliis  section  the  general  features  of  the  motion  predicted  by  the  analysis  will  be 
detailed.  Consideration  of  the  effects  of  changing  geometrical  parameters  and  fluid 
parameters  will  then  be  discussed. 

4.1  General  features  of  motion  diagrams 

Typical  values  of  geometric  and  fluid  properties  arc  given  in  table  1;  these  are 
based  on  an  experimental  rig  currently  undergoing  trials.  The  reciprocating  cycle  was 
defined  in  figure  2  and  using  the  equations  developed  in  section  3,  the  displacement, 
velocity  and  acceleration  diagrams  shown  in  figure  4  are  derived.  The  main  features  are 
the  steady  velocity  portions  (points  6  to  0  to  1  and  points  3  to  4)  and  the  turn-round 
periods  (points  1  to  3  and  points  4  to  6).  The  analysis  outlined  in  section  3  was  for  when 
clutch  A  was  energised,  that  is  during  the  portion  of  the  cycle  1  to  4,  the  remainder  of  the 
cycle  4  to  0  to  1,  is  when  clutch  B  is  energised.  Similar  equations  can  be  developed  for 
this  -ortion  of  the  cycle,  or  the  inherent  similarity  of  the  turn  round  periods  can  be  used 
to  generate  the  full  cycle  shown  in  figure  4. 

l  AULE  1  Typical  values  of  geometric  and  fluid  pro|)enics 


i niter  surface  of  outnut  rotor 

-  diameter  di  -  47.0  mm 

-  inter  electrode  gap  A/  =  0.5  mm 

-  electro-rheologically  active  length  /<»(•=  30.0  mm 

-  viscously  active  length  Ivi  =  30.0  mm 

ouicr  surface  of  output  -oior 

-  diameter  do  =51.0  mm 

-  inter  electrode  gap  /q;  =  0.5  mm 

-  electro-rheological ly  active 'jngth  Vt'o  -  30.0  inni 

-  viscously  active  length  Ivq  ~  40.0  mm 

effective  radius  of  pulley  r  =  39.55  mm 
constant  speed  belt  velocity  v  =  5  m/s 
input  rotor  angular  velocity  Q.  =  1207  rpm 

moment  of  inertia  of  one  output  rotor  and  pulley  assembly  /  =  3.83  x  10  hg 

VC? 

mass  of  belt  m=  16  grams 

electro-rheological  shear  stress  of  fluid  %  =  10  kPa 
fluid  viscosity  /J  =  100  in  Pa.s 


Belt  Velocity  (m/s) 


I 


504 

Consideration  of  the  velocity  diagram  indicates  that  the  portion  from  points  1  to  3 
is  not  linear,  although  in  this  instance  it  is  very  nearly  so.  The  non-linearity  is  also 
indicated  by  the  acceleration  not  being  constant  during  this  period  as  seen  in  the 
acceleration  diagram.  Although  the  electro-rheological  torque,  Te,  is  constant  during 
tfiis  period,  the  viscous  torque,  Toa>  which  is  helping  to  accelerate  the  output  rotor  of 
clutch  A,  drops  from  a  maximum  at  point  1  to  zero  at  point  3  when  the  input  and  output 
rotors  of  clutch  A  are  rotating  at  the  same  speed,  namely  £2.  Further,  during  the  same 
period  tlic  resisting  viscous  torque  on  clutch  B,  Tqb,  increases  from  zero  to  its  maximum 
value.  Thus  the  torque  on  the  output  rotor  falls  from  point  1  to  point  3,  and  therefore  so 
does  the  acceleration;  this  is  precisely  what  is  seen  in  figure  4.  A  further  point  of 
interest  is  the  large  value  of  peak  acceleration  of  1000  nVs^*  or  approximately  100  g. 
where  g  is  the  acceleration  due  to  gravity. 


0  30  40  GO  iO  tCO  130  UO 
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0  7*’  40  GO  so  100  120  140 

Tim*  (ms) 


Figure  5.  Power  inputs  for  a  typical  reciprocating  cycle  (paroincters  at)d  pronenics  defined  in  table  1). 
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The  power  input  to  tlie  reciprocating  mechanism  is  important  for  two  main 
reasons.  Firstly  sizing  the  mechanism,  particularly  the  motors,  and  secondly  in 
predicting  the  energy  dissipated  in  the  fluid  which  will  result  in  temperature  rises  in  the 
fluid.  TThe  power  input  to  a  clutch  at  any  instant  is  found  by  multiplying  the  torque  on 
the  clutch  rotor  by  the  angular  speed  of  the  motor.  Results  are  shown  in  figure  5  for  the 
motors  on  clutch  A,  clutch  B  and  the  total  power  input  to  the  mechanism.  The  main 
feature  to  emerge  is  the  relatively  large  power  needed  during  the  "tum-rourid  periods" 
compared  with  the  "steady  velocity"  periods*.  The  former  is  needed  to  provide  the  large 
accelerations  during  the  turn-round  period,  whereas  the  latter  is  required  to  overcome 
viscous  losses  wliilsi  maintaining  the  velocity  constant.  Both  these  eventually  result  in  a 
rise  of  internal  energy  of  the  fluid,  and  hence  increased  temperature. 

^.2  Effects  of  changing  geometrical  parameters 


- Total  Inertia 

- Pulley  Inertia 

.  Rotor  Inertia 

- Belt  Inertia 

- Electrode 

Plating  Inertia 


Figure  6.  Effect  of  reducing  inertias  on  the  turn-round  lime. 


Any  changes  to  the  geometric  parameters  will  affect  the  torques,  masses, 
moments  of  inertia  and  hence  the  turn-round  speeds  of  the  mechanism.  One  way  in 
which  to  increase  the  speed  of  response  of  a  mechanism  is  by  reducing  its  inertia,  either 
by  using  a  lighter  material  or  through  detailed  dimensional  cliangcs.  The  effects  on  the 
turn-round  time  {ttr)  of  reducing  the  inertias  of  various  parts  of  the  mechanism  is  shown 
in  figure  6.  An  inertia  reduction  factor  of  1  is  no  change  from  the  values  given  in  table 
1,  a  value  of  0.5  is  half  the  value,  and  a  value  of  0  is  the  utopian  value  of  zero  inertia. 
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Two  important  features  emerge  from  figure  6,  firstly,  as  would  be  expected,  reducing  tlr. 
tota'  inertia  significantly  reduces  the  turn-round  time.  Secondly,  and  perhaps  more 
importantly,  figure  6  gives  an  indication  of  what  features  are  worthy  of  effort  in  reducing 
the  inertia.  For  example,  the  electrode  plating  inertia  even  when  reduced  to  zero,  from 
tlie  present  level  produces  a  negligible  decrease  in  turn-round  time. 


[•igurc  7.  Effect  of  cliangiiig  the  pulley  radius,  whilst  increasing  llic  motor  s|)ccd  to  keep  the  bc.t 
s|>cc(t  constant,  on  the  luni-round  time. 


A  major  requirement  of  the  traverse  mechanism  is  that  the  belt  should  have  a 
constant  velocity,  in  this  case  5  m/s.  This  requirement  determines  the  relative  values  of 
the  pulley  radius  (r)  and  the  motor  speed  (Q),  the  product  rQ  giving  the  belt  speed. 
Figure  7  shows  the  effect  of  varying  the  pulley  radius  whilst  changittg  the  motor  speed  to 
keep  the  belt  speed  constant,  all  other  parameters  remain  unchanged.  There  is  a 
minimum  value  of  28  mm.  Below  this  gains  in  reducing  the  pulley's  inertia  arc  offset  by 
tliC  higher  rotational  speed  of  the  motor  which  increases  the  viscous  drag  and  the  speed 
change  of  the  rotor  during  the  turn-round  period.  Above  28  mm  the  reverse  situation 
applies. 
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I'igure  H,  Effecl  of  dunging  (lie  length  of  (he  rotor,  whilst  keeping  the  clectro-rheologic.il  torque 
constant  by  altering  the  diameters,  on  the  turn-iound  time. 


For  a  constant  clecLro-rheological  shear  sfcss  fluid,  the  electro-rheological  torque 
depends  on  the  area  and  diameter  of  the  rotor.  Figure  6  shows  the  effect  of  reducing  the 
output  rotor  diameter  whilst  increasing  the  length  to  keep  the  electro-rheological  torque 
constant,  all  other  parameters  are  kept  identical.  The  improvement  approaches  ati 
asymptotic  limit  of  a  very  long  rotor  with  a  very  small  diameter,  that  is  when  the  inertia 
approaches  zero.  Clearly  such  a  rotor  would  be  impractical,  nonetheless  figure  8  does 
indicate  that,  for  this  example,  whilst  significant  gains  arc  made  at  low  rotor  lengths 
little  is  to  be  gained  for  rotors  in  excess  of  approximately  40  mm  in  length. 

4.3  Effects  of  changing  fluid  parameters 

The  preceding  section  indicated  that  reductions  in  inertias  from  tlio.se  of  the 
prototype  rig,  given  in  table  1,  would  be  advantageous  in  reducing  the  tuni-round  time. 
In  view  of  this  realistic  reductions  in  the  inertia  will  be  included  for  the  study  of  the 
effects  of  changing  the  fluid  parameters  detailed  in  this  section.  The  two  changes  made 
are  given  in  table  2,  all  the  other  parameters  are  left  a.s  given  in  table  1 . 

TABLE  2  Reduced  values  of  inertia  and  mass  for  the  fluid  parameter  study. 


Pulley  inertia  reduced  by  S0%  -  new  inertia  of  tlie  rotor  and  pulley 
assembly  is  /  =  2.83  x  lO'^  kg  m^ 

Mass  of  the  belt  reduced  to  m  -  1  grams 
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Time  (ms( 


Figure  9.  Motion  diagrams  for  ditTcrciii  eicctro-rheological  shear  stress  fluids  (parameters  defined  by 
table  1  and  modified  by  table  2). 
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The  motion  diagrams  for  three  different  electro-rheological  shear  stresses,  le  =  3, 
7  and  15  kPa,  are  shown  in  figure  9;  each  case  has  the  travel  length  Is  kept  constant  at 
250  mm.  The  important  parameters  determining  these  diagrams  arc  given  in  table  3.  A 
number  of  interesting  improvements  emerge  from  figure  9  and  table  3.  Firstly  as  the 
shear  stress  increases  from  ig  =  3  to  15  kPa,  the  cycle  time  reduces  from  tc  -  126.3  ms  to 
105  ms,  whilst  at  the  same  time  the  length  at  constant  velocity  increases  from  su  -  178.1 
mm  to  237.4  mm.  Thus  the  useful  constant  velocity  stroke  length  is  significaiitly 
increased  whilst  the  overall  cycle  time  is  reduced.  Secondly  the  velocity  changes 
virtually  linearly  during  the  turn-round  period  I  -  3  at  the  higher  shear  stresses.  On  the 
converse  side,  the  acccleiation  rises  to  a  peak  of  2184.6  m/s  or  222.7  g  a*  Tc  =  15  kPa 
compared  to  593.4  m/s^  or  60.5  g  at  tg  -  3  kPa.  Further,  the  corresponding  peak  power 
rises  to  472.1  W  from  128.3  W  with  its  implications  for  motor  size.  The  lower  power 
required  over  the  constant  velocity  portions  of  the  cycles  remains  the  same  at  84.6  W. 
However,  since  the  higher  power  during  turn-round  acts  over  a  shorter  peiiod,  llie  overall 
energy  input  to  the  fluid  per  cycle  is  similar,  and  so  the  heating  of  the  fluid  is  not  affected 
to  a  great  degree. 


TABLE  3  Par.imelers  defiiiiiiB  the  Inwcrsiiic  cycles  sliown  in  figure  9. 


hlcctro-Rhcological  Yield  Stress 

Xe  kPa 

3 

7 

15 

Stopping  time /.V  ms 

10.2 

4.89 

2.40 

run-up  time  tr  ms 

17.3 

6.05 

2.64 

turn  round  time  tir  ms 

27.5 

10.9 

5.04 

constant  velocity  time  tv  ms 

35,6 

44.5 

47.5 

cycle  time  tc  ms 

126.3 

110.9 

105.0 

stopping  distance  r.v  mm 

23.9 

11.8 

5,90 

run-up  distance  Sr  mm 

48.1 

15.7 

6.73 

turn-round  distance  str  mm 

72.0 

27.6 

12.6 

constant  velocity  distance  Su  mm 

178.1 

222.5 

237.4 

peak  belt  acceleration  ah  rn/s^ 

593.4 

1123.8 

2184.6 

peak  total  power  Ft  W 

128.3 

242.9 

472.1 

constant  vi  locity  power  Pu  W 

84,6 

84.6 

84.6 
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I'lyurc  i  0.  Effect  of  eleclio-rlieoloyicttl  shear  stress  and  fluid  viscosily  on  the  itirn  iotind  lime. 


Tlic  turn-round  time,  ///•,  gives  u  good  indication  of  the  usciultiuss  of  tlie  cych:, 
and  its  variation  with  electro-rheological  shear  stress  te  for  a  variety  of  fluid  viscosities 
(/i)  is  given  in  figure  10.  For  high  elcctro-rhcological  yield  stress  fluids  the  effects  of 
viscosity  on  run-up  time  arc  small,  whereas  for  lower  yield  stress  fluids  the  effect  is 
significant.  Indeed,  for  lower  elcctro-rhcological  yield  stress  fluids  the  higltcr  viscosily 
fluids  will  never  tuni-round  as  indic.atcd  by  the  near  vertical  curves.  This  feature  can  be 
understood  if  the  motion  after  clutch  A  is  energised  is  considered  in  eunjunction  with  the 
Xe  =  3  kPa  velocity  and  acceleration  curves  shown  in  figure  9.  During  the  acceferation 
period  (point  2  to  3)  the  elcctro-rhcological  driving  torque  has  to  overcome  the  viscous 
drag  on  clutch  B.  As  clutch  A  approaches  the  motor  speed  (i.e.  the  slippage  is  very 
small)  then  the  relative  slipjnge  at  B  approaches  the  maximum.  If  the  viscosity  is  too 
higli,  then  the  viscous  toi  que  will  reach  the  value  of  the  electro-rheological  torque  being 
applied  to  clutch  A  and  therefore  the  rotor  will  cease  to  accelerate.  On  tlgure  9  this 
reduced  acceleration  is  clearly  .seen  and  results  in  the  distinct  curve  in  the  velocity  motion 
diagram  as  the  belt  speed  approaches  the  steady  state  belt  sjiced  of  5  m/s.  However,  for 
the  case  shown  in  figure  9,  (he  mechanism  still  turns  round.  Mathematically  this  feature 
can  be  seen  in  the  run  up  time  equation  (23).  The  integral  is  only  valid  when  B>CQ, 
that  is  wlien  the  clcctro-riicologicai  torque  7‘c  is  greater  than  the  peak  viscous  torque. 
For  the  case  studied  this  can  be  further  illustrated  by  plotting  the  elcctro-rhcological 
shear  stress  against  the  fluid  viscosity  as  shown  in  figure  1 1,  which  shows  regions  where 
die  mechanism  will  or  will  not  run-up. 


Turn  Round  Time  {msl 
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Tigure  1 1 .  Ri;yioi\s  for  whicli  (lie  inechaiiisin  will,  oi  will  iioi,  ivn-jp  for  a  bell  upocii  of  5  iws. 


l-igurc  12.  Mffeet  of  cMaiigiiit.’  the  inici  elcclriKlc  gaps  on  the  luiii  round  times  (/i„  hj) 
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* —  0.5mm  gap 

-  0  .75mm  gap 

* —  1mm  gap 


Viscosity  (mPa.s) 


I'iguie  13  I'.ffccts  of  changing  the  iiitci  clccliode  gaps  on  the  |k>wci  consumed  dui  ing  the  constant 
velocity  jiorlions  of  (he  reciprocating  cycle  {li„  -  lij). 


A  liigh  viscosity  fluid  increases  the  turn-round  time,  increases  tire  power 
requirements  and  increases  heating  of  tire  fluid;  all  of  which  arc  undesirable.  One 
method  to  reduce  the  viscous  torque  for  a  given  fluid  is  to  increase  the  inicr-clectrodc 
gaps  ho  and  hi.  An  iitereasc  in  the  voltage  across  the  fluid  is  required  to  maintain  the 
electro-rheological  torque  which  of  course  must  be  considered  and  which  will  limit  tlic 
gap  increase  tliat  is  feasible'.  It  is  for  these  reasons  that  changes  in  gaps,  a  purely 
geometric  change,  is  iitcluded  in  this  section.  The  effects  on  tuni-round  time,  of 
increasing  the  gap  from  0.5  nun  to  linin  is  shown  in  figure  12.  At  the  higher  vi.scosities 
the  effects  are  significant,  indeed  for  higher  viscosity  fluids  the  mechanism  may  only  run 
up  with  the  larger  gaps.  Tlic  advantages  in  turn-round  perfonnance  tend  to  disappear  at 
the  lower  viscosities,  however,  tiie  reductions  in  fluid  heating  and  power  consumption 
will  remain  as  shown  in  figure  13. 

finally,  the  results  detailed  so  far  have  been  for  a  fairly  high  bell  speed  of  5  m/s. 
figure  14  shows  the  turn-round  times  for  belt  speeds  of  1  -  6  m/s  clearly  illustrating  the 
very  rapid  tuni-round  timc.s  which  are  in  [irospcct  at  these  lower  belt  speeds. 


5  kPa  Pluld 
10  kPa  Fluid 
15  kPa  Fluid 


Fieun:  14.  Ulfcct  of diffijrciu  conslaiil  boll  vclocilics  on  iho  (uiiMouiid  lime. 


Conclusions 

A  liigh  speed  electro-rlieological  reciprocating  itiechaiiisni  has  been  described 
and  an  ideal  dynamic  model  describing  the  motion  developed.  Considering  the  effect 
that  changing  the  variables  has  on  the  system  pcrfonnance,  the  need  for  a  fully 
integrated  inechatronic  approach  to  high  speed  machinery  design  bringing  togcilier 
dynamic,  heating  and  eleclnoal  design  aspects  is  substantiated.  Additionally,  electrical 
supply,  control  of  cooling,  constructional  materials  and  more  accurate  fluid  properties 
need  to  be  considered.  The  limiting  upper  viscosity  may  well  be  governed  by  tlic 
heating  of  the  lluid"*  rather  than  by  dynamic  considerations.  The  cffcci  of  temperature 
on  viscosity  is  likely  to  be  a  veiy  important  parameter,  a  rise  in  temperature  will  reduce 
viscosity  but  incrca.se  conductance.  The  requiicincnls  stated  in  this  pajier  arc  only  on  the 
basis  of  ideal  dynamical  considerations. 

The  need  for  continuing  fluid  development  has  also  been  highlighted.  The 
provision  of  high  speed  mechanisms  such  as  the  one  described  will  require  higli  yield 
stress  fluids  with  acceptable  viscosities,  hurther  they  must  operate  and  be  durable  at  the 
high  shear  rates,  centrifugal  loadings  and  accelerations  illustrated  by  the  mechanism 
described. 
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Nomenclature 

a 

ah 

A.B.C 

li 

hi ,  ho 
1 

4*1  •  4*0 
hi,  ho 

4 

m 

PT 

Pu 

r 


Sr 

s'.v 

s'u 

t 

ta 

Ic 

ti¬ 

ls 

‘tr 

till* 

tu 

Te 


belt  acceleration 

peak  belt  acceleration 

simplification  terms  (Equ  16) 

output  rotor  diameters  (iruier,  outer) 

force  between  pulley  and  belt  (clutch  A,  clutch  B) 

acceleration  due  to  gravity 

radial  gap  between  input  and  output  rotors  (inner,  outer) 

moment  of  inertia  of  output  rotor  and  pulley  assembly 

electro-rheologically  active  length  on  output  rotor  (inner,  outer) 

viscously  active  length  on  output  rotor  (inner,  outer) 

travel  length 

mass  of  belt 

peak  total  power 

constant  velocity  power 

effective  pulley  radius 

(listance  of  belt  travel  (zero  at  centre  line  position  0) 

run-up  distance 

stopping  distance 

distance  at  cottstant  velocity 

time  (zero  at  centre  line  position  0) 

tiinc  after  clutch  A  is  energised  at  position  I 

cycle  time 

run-up  time 

stopping  time 

turn-round  time 

electron-hydraulic  time  delay 

time  at  constant  velocity 

electro-rheological  torque 


mir’ 
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T^OA,  Tqj] 
u 

V 

a 

YoA’  Yu 
Yoii^  Ym 
e 

Xe 

CD 

n 


viscous  torque  (clutch  A,  clutch  B) 
constant  belt  velocity 
belt  velocity 

angular  acceleration  of  output  rotor 
fluid  sliear  rate,  rotor  A  (inner,  outer) 
fluid  shear  rate,  rotor  B  (inner,  outer) 

aitgular  position  of  output  rotor  (zero  at  centre  line  position  0) 

fluid  viscosity  at  zero  vv^lu 

electro-rheological  shear  stress 

angular  velocity  of  output  rotor 

angular  velocity  of  input  rotor  (constant) 
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ABSTRACT 

Panicle  fillers  can  be  assembled  in  an  uneured  polyiner  usiiit!  the  iniituul 
dieleclrophoretic  cffcel.  This  chained  niicroslTUcturc  can  be  “frozen  in"  by  curing  (he 
l>olymer  matrix  to  form  advanced  composites.  Assembly  aligmneiit  conditions  arc 
dependent  on  both  cicotrie  field  strength  and  frequency.  'Ihc  optimum  electric  field 
frequency  for  di electrophoretic  assembly  may  be  determined  via  in-si  lu  optical  microscopy 
luid  eicctrorhcological  ineasurctncnr.s.  Ihe  potendal  of  the  diclccnopliorctic  assembly 
process  is  to  intelligently  fabricate  a  uumlicruf  ceramic-|)ulymcr  comixrsites  for  various 
electronic  upplicai  .o<is  such  us  inicroii-scalc  devices  for  pncitaging 


Introduction 

Composites  are  multiphase  materials  whose  components  arc  mechanically 
separable,  and  which  exhibit  properties  unattainable  in  any  of  the  constituent  phases.  The 
properties  of  a  composite  material  arc  controlled  through  the  material  selection,  volume 
fraction  of  these  materials,  connectivity,  percolation  Ixihavior  and  anisotropy.  For  the 
typical  ease  of  a  polymer  matrix  and  ceramic  filler  composite,  the  dielcctrophoreiic 
assembly  Icchnique  c?n  induce  unidirectional  alignment  or  chaining  of  the  filler  phase 
wiiii'n  the  uneured  polymer. 

The  spatial  redistribution  of  filler  and  the  as.sccialcd  changes  in  physical  properties 
arc  due  to  a  connectivity  transformatior.  Connectivity  is  essentially  a  means  to  describe  the 
interconnection  of  the  component  phoscs  in  a  a.fmpositc  material.  Newnham  developed  a 
.self-consisted  nomenclature  to  describe  the  connectivity  of  comfxrsiic  materials.'*  For  a 
given  number  of  components  (n)  in  a  composite,  there  is  a  finite  set  of  connectivity  fiaiicrns 
given  by  the  expression: 


In  the  ease  of  a  diphasic  composite  material  (n=2),  there  exists  ten  possible  connectivity 
patterns.  The  first  tcmi  in  tlie  notation  rcl'c  s  to  the  dimensional  inlcrconncction  of  the  fillet 
phiisc,  while  the  second  term  refers  to  ihe  matrix  phase  dimensional  interconnection.  In  the 
0-3  connectivity  ease.  Figure  la,  a  filler  phase  is  dispersed  or  scir-coiiiiccicd  and  iius, 
therefore,  zero  dimensional  interconnection.  The  matrix  phase  is  continuou.s  in  all  three 
directions  and,  therefore,  has  3-dimensional  interconnection.  This  differs  from  1-3 
connectivity.  Figure  lb,  where  the  active  filler  phase  is  continuous  in  one  direction,  as  is 
the  case  of  parallel  rods  in  a  pxjlymer  matrix.  With  the  dieleclrophoretic  assembly  pixxrcss. 
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0-3  1-3 

Figure  1.  vSchcniatic  counuctivity  designs,  lu  this  diagram,  the  filler  is  represented  by  the  colorless 
regions  and  the  matrix  is  represented  by  the  shaded  regions.  As  can  be  seen,  die  0-3  design  consists  of 
isolated  ji.'irticles  in  a  continuous  matrix.  The  1  -3  design  shows  the  rdlcr  connected  in  one  dimension  in  the 
continuous  matrix. 
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Figure  2,  Schematic  showing  the  unidircctiotuil  nggluincralion  phenomena.  At  zero  applied  field,  the 
piu  tides  stay  in  a  dispased  state.  l.'|)on  the  application  of  an  external  electric  field,  dipolc-thpole  interucUou 
causes  particle  chains  ptualld  to  the  applied  held  direction. 


we  have  the  opportunity  of  developing  a  1-3  connectivity  from  a  disperse  0-3  connectivity 
ease  (Figure  2). 

The  redistribution  of  particles  under  diclcctrophorctic  assembly  can  strongly 
influence  the  relative  physical  propcrtics.^^.b  This  occurs  because  of  the  relative  change  in 
the  series  and  parallel  property  mixing  in  the  composite.  The  result  is  an  anisotropy  of 
physical  properties  such  as  dielectric  constant,  resistivity,  elastic  stiffness,  etc.,  within  the 
composite. 


Dielectrophoresis 

In  general,  when  an  electric  field  is  applied  to  a  suspension  of  particles,  two 
phenomena  can  occur;  namely,  electrophoresis  and  dielectrophoresis.  Electrophoresis  is 
defined  as  the  translational  motion  of  charged  particles  within  a  slatio  ary  fluid  under  an 
electric  field.  Dielcctiophorcsis  is  defined  as  the  translational  motion  of  neutral  matter  in  ■■■ 
non-uniform  electric  field.  This  motion  is  caused  by  an  induced  polarization  whicli 
interacts  with  a  non-unifonn  field  such  that  the  particle  migrates  to  the  region  of  higher  field 
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intensity.  In  the  case  of  a  suspension  in  which  the  paiticlcs  arc  of  a  higher  dicle;!ric 
constant  than  the  surrounding  fluid,  the  electric  field  lines  arc  perturbed  such  that  a  non- 
uniform  field  is  generated  between  the  particles,  resulting  in  a  mutual  diclcctrophorctic 
effect  that  draws  particles  together  parallel  to  the  applied  field."^  This  process  is  equivalent 
to  a  diptile-dipolc  imcraction  between  the  particles  such  that  the  attractive  potential  is  given 
by  the  expression: 


U(r)  =  -u 


(1-8  cos^e) 


where:  u  - and  P  =  — ' -  (2) 

tf  t:p+2cf 

6  -  orientation  angle  of  piiniclcs  relative  to  the  applied  electric  licid 
r  -  intcrparticlc  distance 
P  -  effective  polai  inability 
a  -  paiticlc  radius 

cf  Up  -  dielectric  constant  of  fluid  of  the  particles,  respectively 
Eioc  “ 

The  orientation  angle,  0,  influences  the  sign  of  the  dipole-dipole  interaction.  At  a 
critical  angle  of  approximately  55',  the  |X)tcntiaI  changes  from  an  attractive  to  a  repulsive 
interaction.  Hence,  particles  located  parallel  to  the  applied  field  will  be  drawn  together 
while  those  located  perpendicular  to  the  applied  field  will  repel  each  other.  It  is  the  dipole- 
dipole  interaction  between  all  the  particles  in  the  suspension  which  redistributes  the  filler 
particles  into  chains  along  the  applied  field  direction,  as  shown  in  Figure  3. 


(a)  (b) 

Figure  3.  Optical  micrographs  showing  .Srri03  dispersed  in  a  silicone  elastomer  polymer.  I-igure  (a) 
shows  die  zero  applied  field  case  wliile  (b)  shows  the  ebaiued  mierosiruclurc.  (After  Bowen,  Bhalla, 
Newiihain  and  Riuidull). 


Matrix  Materials 

There  exists  several  general  requirements  necessary  for  matrix  materials  in  the 
diclcctrophorctic  a-scmbly  of  composites.  The  first  requirement  is  that  the  matrix  must  lx; 
insulating  with  both  a  lower  dielectric  constant  than  the  filler  and  a  low  dielectric  loss.  This 
permits  the  induced  polarization  of  the  filler  phase  which,  in  turn,  allows  the 
diclcctrophorctic  chaining  process  to  occur. 

■Secondly,  the  polymerization  from  the  liquid  state  to  the  solid  state  must  be  a  fast 
process  in  order  to  limit  sedimentation  effects.  Sedimentation  can  also  be  limited  by  using 
a  high  visco.'ily  fluid;  however,  the  viscosity  must  not  be  high  enough  to  limit  the 
dielectrophorctir  assembly. 

A  third  requirement  for  diclcctrophorctic  assembly  is  that  the  uncured  polymer 
matrix  m''st  have  a  high  electrical  breakdown  strength.  This  will  retard  the  crosslinking 
reaction  through  the  evolution  of  carbon  dioxide  gas  bubbles  following  the  degradation  of 
the  cartxin-  based  polymer  materials. 

T,'  ..ic  I  lists  the  polymers  that  have  been  successfully  shown  to  support 
diclcctrophorctic  assembly.  The  Norland  optical  adhesive  (a  U.V.  curing  polymer)  has  the 
advantage  of  very  rapid  curing,  but  is  only  suited  to  low  volume  fiaction  filler  applications. 
Limitations  of  the  Norland  polymer  exist  with  higher  filler  concentrations  owing  to 
increased  scattering  and  absorption  of  the  U.V.  radiation,  therefore  preventing  lull 
polymerization  of  the  composite. 


Table  I.  Theimosct  Polymers  anti  Suppliers 


Thcrinoset  Polymer 

Trade  Name  and  Supplier 

Polyurethane 

Uy«>l-Dcxlcr  U50048 

Silicone  elastomer 

Sylgard-184,  Dow  Corning 

Eccogcl,  Bmerson-Cummings 

Eccogcl  epoxy 

Eccogcl,  Emcrst)n-Cunimings  1365 

Ep'.in  epoxy 

EPON  865  shell 

NorUmd  optical  adhesive 

Norland-81 

Filler  Materials 

Theoretically,  any  filler  matciial  with  a  dielectric  constant  higher  than  the  chosen 
matrix  can  be  assembled  through  the  diclcctrophorctic  effect.  Table  11  lists  insulators, 
semiconductors  and  metals  which  have  been  successfully  aligned  in  a  thermoset  polymer 
matrix,  Insulating  and  large  band  gap  semiconducting  particles  can  be  easily  aligned.  For 
small  band  gap  semiconductors  and  conducting  fillers,  limitations  associated  with 
diclcctrophorctic  assembly  exist.  For  example,  the  volume  fraction  of  the  filler  material 
must  be  less  than  the  percolation  limit.  If  the  conducting  powder  is  percolated,  the 
interconnected  conducting  pathways  will  prevent  the  polarization  ol'  the  particles  and  no 
chaining  phenomena  can  occur. 
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Conductive  filler  particles  can,  as  they  assemble  into  chains,  act  as  a  catalyst  for 
the  generation  of  large  fields  and  field  gradients  in  the  insulating  polymer  gap  between 
appioaching  particles.  These  field  levels  can  exceed  the  breakdown  strength  of  the  uncured 
polymer  which  can  result  in  a  retardation  of  the  curing  process. 


Table  II.  Dielectrophoretic  Alignment  of  Various  Filler  Materials 
in  Uncured  Silicone  Elastomer^ 


Insulator  Semiconductor  Metals 


BaTiOa 

YBa2CU305  5+6 

Aluminum  Irowdcr 

PbTiOj 

Graphite 

Ag  covered  resin  balls(^) 

Pb(Zr.Ti)03 

SiC  fibers 

Ag  covered  acrylic 

fibers^'’) 

SiTiOg 

Ba2TiSi208 

ZtQ2 

TiOz 

Si02  ballsW 

blanufaclurcrs 

(a)  Spheriglass  —  Potters  Indus.  Inc. 

(b)  Mitsubishi  Metal  Corp. 


Determination  of  Ideal  Dielectrophoretic  Assembly  Conditions  for 
Composite  Fabrications 

An  electric  field  will  induce  both  electrophoresis  and  dielectrophoresis  suspension 
in  a  polymer  matrix-ceramic  particulate  suspension.  If  electrophoresis  is  induced,  there  is 
a  net  migration  of  the  filler  to  one  of  the  electrodes.  This  net  migration  prevents 
homogeneous  chaining  within  the  composite,  hcncc  limiting  the  advantages  of  the  1-3 
connectivity.  To  override  the  electrophoretic  effect  and  induce  only  the  dielectrophoretic 
effect,  ultciTiating  electric  fields  can  be  used.  However,  the  frequency  <jf  the  alternating 
electric  field  tlicn  becomes  another  variable  m  the  assembly  process. 

The  determination  of  the  optimum  frequency  for  dielectrophoretic  assembly  can  be 
performed  via  two  techniques.  The  first  technique  is  the  use  of  direct  observation  through 
optical  microscopy.  This  allows  the  vi.sual  inspection  of  the  chaining  phenomena  under 
various  processing  conditions.  However,  this  technique  is  limited  to  low  volume  fractions 
of  filler  material  (<0.05)  owing  to  light  scattering  effects  and  to  pitrticlc  sizes  2.0  /4W  in 
diameter.  The  second  technique  indirectly  determines  the  ideal  alignment  conditions 
through  the  clcctrorhcologieal  effect.  As  thermoset  polymers  ai'c  continually  undergoing 
polymerization  during  the  experiment,  a  full  determination  of  the  Bingham  behavior  is  not 
possible.  It  was  therefore  necessary  to  determine  the  field  strength  and  frequency 
dcpicndcncc  of  the  shear  stress  at  a  fixed  shear  rale  in  the  dynamic  regime  of  Bingham 
plastic  flow  using  a  rotational  viscometer. 

From  these  measurements  tlie  relationship  between  shear-stress  and  field  strength 
can  be  dctcmiiiicd  for  a  fixed  volume  fraction  and  alternating  field  frequency.  As  can  be 
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Figure  4.  Hot  of  measured  shear  sUcss  versus  applied  field  squared.  Plot  shows  u  square  law  behavior 
for  tlie  uc  fields  wliile  dc  behavior  shows  evidenoe  for  the  occurrence  of  clcclroi'horctic  phenomena. 


observed  in  the  typical  ease  of  silicone  elastomer  polymer  and  SrTiC^  particles,  Figure  4,  a 
square  law  behavior  exists  for  alternating  fields.  The  direct  field  cicctrorheological 
behavior  departs  from  the  square  law  and  is  believed  to  be  as.sociatcd  with  electrophoretic 
migration  of  particles  to  one  electrode,  The  strongest  clccu-orhcological  ol'fcct  is  noted  for  a 
10  Hz  alternating  field,  which  corresponds  to  the  coarsest  fibrils  found  by  direct  optical 
microscopy. 

The  cpo.xy  thermosets  investigated  here  showed  ideal  cleclrorhcological  effects  at 
higher  frequencies  (~  750  Hz).  This  frequency  also  corresponded  to  the  thickest  chains  as 
observed  with  the  optical  microscope.  Under  direct  or  low  frequency  alternating  I'iclds,  no 
dicl'ictrophorctic  alignment  was  observed  in  the  epoxy  thcrmoscLs.  Particles  flowed  in  a 
random  and  chaotic  manner,  leading  to  vortices  at  higher  field  strengths  a.s  shown  in  Figure 
5.  Figure  6  summarizc.s  the  viscometry  data  obtained  on  four  thermoset  polymers.  The 
ideal  frequency,  which  corresponds  to  the  ideal  alignment  crmdi lions  and  cleclrorhcological 
effects,  is  plotted  against  the  volume  fraction  of  SrTiOs  filler  for  two  epoxies,  a 
polyurethane  and  silicone  elastomer.  The  ideal  frequency  conditions  arc  volume  fraction 
independent,  but  the  polymers  fall  into  two  groups.  Polyurethane  and  silicone  elastomer 
optimally  aligned  at  =«  U)  Hz,  whilst  the  epoxies  aligned  at  ~  750  Hz. 

The  piimaiy  difference  in  optimum  alignment  frequency  is  believed  to  be  related  to 
both  the  dielectric  constant  and  the  loss  in  the  frequency  spectra  from  lO'^  to  10^  Hz  in 
each  individual  polymer.  The  epoxies  at  low  frequencies  10'^  to  lO^  Hz  arc  dominated  by 
ionic  space  charge  ixjlarizalion,*  This  gives  rise  to  an  extremely  high  dielectric  constant 
and  loss  up  to  about  700  Hz.  The  silicone  elastomer  and  polyurethane,  on  the  other  liand, 
do  not  have  such  a  significant  ionic  space  charge  contribution  to  the  dielectric  properties; 
the  dielectric  loss  and  dielectric  conslani  relaxes  out  at  low  frequencies  (~  0. 1-1.0  Hz). 
Due  to  the  extremely  high  maUix  dielectric  constant  at  low  frequencies,  it  is  improbable  that 
the  tiller  particles  would  polarize  and  undergo  uniaxial  agglomeration  in  this  regime.  The 
differences  between  the  ideal  alignment  frequencies  in  the  tested  ptdymers  will  be  discussed 
in  more  detail  in  future  papers. 
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Figure  S.  Optical  inicrugraphii  showing  SrTi03  dispersed  in  lui  epoxy  pulymer.  Note  that  when 
assembly  cuudilinns  arc  far  from  ideal,  swirling  vortices  can  fonn  instead  of  ..  ehiiinetl  microstrnctiire. 
(After  Uowen,  Ulialia,  Newnhani  and  K^urdali). 


Volume  SrTi03 


Figure  i.  1*101  of  tlic  u|;timum  fre(|ticney  versus  volume  %  filler.  It  was  found  that  the  optimum 
iiligtuneiit  frequency  was  indc|>cndcut  of  tlie  volume  froctioo  filler  used.  Also,  the  behavior  of  the  jxrlymcrs 
fell  iitto  two  distance  regimes.  Reasons  fur  die  differences  in  opiiniuiu  alignment  frequency  ore  due  to 
different  dielectric  responses  of  each  )v.)lynicr 


The  electric  field  strength  also  has  an  inllacRcc  on  the  coarseness  of  the  chains. 
This  can  be  obscn'cd  directly  in  the  scanning  electron  and  optical  microgijphs  in  Figure  7. 
The  field  strength  optimization  is  much  more  difficult  to  establish  than  frequency,  as  it  is 
very  much  dependent  on  the  application  in  quc.stion.  Therefore,  the  applied  field  strength  is 
best  optimized  for  each  individual  annpositc. 
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Figure  7.  OpIiciU/SIsM  micrographs  of  5%  l*Zr  in  silicone  clasiomcr  showing  the  field  dcjiendcncc  of 
chaining.  Note  dial  in  the  500  volt  atse  (left),  the  chains  ttre  less  dcftticd  Uiim  in  the  2.5  kV  ease  (right). 


Applications  for  Dieicctrophoretically  Assembled  Composite  Materials 

Composite  materials  assembled  utilizing  the  dielcctrophorctic  effect  can  be  exploited 
in  a  number  of  potential  applications,  as  summarized  in  Figure  8.  I'hcsc  matci  ials  can  be 
utilized  as  thermal,  mechanical  and  electronic  devices  at  scales  much  smaller  than  can  be 
achieved  with  conventional  compo.sitc  fabrication  techniques.  Here  we  outline  two 
possible  electronic  composite  applications  for  dielcctrophorctic  assembly. 


Piezoelectric  Hydrophone 

Using  the  direct  picztxilectric  effect,  piczticlcctric  ceramics  based  on  Pb(Zr,Ti)0,r 
can  be  utilized  as  pressure  sensors.  However,  the  performance  of  these  materials  is  limited 
in  hydrostatic  applications  such  as  underwater  acoustic  sensing  devices  (hydrophones)  due 
to  transverse  pic/xxilcctric  contributions.  The  limitations  of  the  monolithic  ceramic 
sensitivity  can  be  overcome  by  combining  the  ceramic  with  a  polymer  to  fonn  a  composite 
material.  In  the  composite  design,  higher  sensitivity  levels  arc  obtainable  due  to 
enhancements  of  the  cITcctivc  d^;?  coefficient  via  stress  transfer  from  the  polymer  to  the 
ceramic.*-^  The  most  sensitive  hydrophones  have  been  designed  with  1-3  connectivities 
which  have  the  advantages  of  large  d33,  easy  poling  conditions  and  gotxl  impedance 
matching  to  the  working  cnvi.ronmcnt. 

Hydrophones  have  also  btxin  utilized  as  biomedical  transducers  which  allow  ultrasonic 
imaging  of  internal  organs.  These  biomedical  devices  require  high  frequency  operation 
(£  1  MHz)  in  order  to  provide  accurate  and  di.stinct  images.'*'  To  obtain  these  high 
frequencies,  small  scale  hydiophonc  compo.sitcs  arc  required.  The  dielcctrophorctic 
assembly  technique  provides  a  means  to  fabricate  such  devices  on  a  much  smaller  scale 
than  is  currently  possible. 
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Figure  8.  I’otuutial  uppiiuitionii  fuc  didocuxipliorcUcally  assembled  com|Msilc  materials,  'llic  circle  chart 
is  read  from  the  center  radially  outwards  with  (it|i-s  located  at  (lie  top  of  ca^  ring. 


Decoupling  Capacitor 

Semiconductor  chip  packagiitg  i.s  a  continually  developing  technology.  The 
optimiz;ation  of  speeds,  space  and  performance  requires  contiiiucti  readjustment  of 
processing  techniques.  There  exists  in  the  near  future  the  need  for  high  speed  digital 
multichip  modules  (MCMs).  One  of  the  major  problems  with  these  packages  is  the 
suppression  of  electromagnetic  noise,  which  continues  to  become  a  problem  with  higher 
speeds.  Inductive  noises  arc  traUitioitally  suppressed  using  surlacc  mot'.nled  decoupling 
capacitors  which  act  as  virtual  power  supplies  close  to  the  chips.  Future  designs  propo.se 
locating  the  decoupling  capacitors  within  the  package  between  the  power  and  ground 
planes.**  Since  the  local  dcixiupling  capacitor  actually  supplies  the  current  required  to 
operate  the  integrated  circuits  during  each  switching  cycle,  the  amount  of  local  dcarupling 
capacitance  per  unit  area  must  be  substantial.  High  capuciumcc  per  unit  area  may  be 
accomplished  with  very  thin  dielectric  layers  and/or  with  high  dielectric  constant  malcriuls. 
In  polymer-based  MCMs,  this  requirement  becomes  a  problem,  owing  to  the  intrinsically 
low  dielectric  constants  av-.ilablc.  The  use  of  diclcclrophorclically  assembled  high 
dielectric  constant  pai  ticles  gives  a  possible  solution  to  this  materials  problem  using  the 
induced  parallel  mixing.^ 


Summary  and  Conclusions 

Diclcctrophorclic  assembly  is  propased  as  a  new  novel  processing  technique  for 
ceramic-polymer  composites.  It  has  been  shown  to  be  applicable  to  a  wide  range  of  matrix 
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and  filler  materials  with  restrictions  on  volume  fraction  in  some  cases.  The  ideal  assembly 
conditions  differ  from  polymer  to  polymer  due  to  intrinsic  differences  in  the  dielectric 
properties  in  the  uncured  state.  Problems  such  as  space-charge  polarization  within  the 
polymer  and  electrophoretic  migration  can  be  overcome  using  alternating  electric  fields. 
Techniques  for  determining  the  optimum  frequency  arc  demonstrated  using  thermoset 
polymers.  Dielectrophorctic  assembly  is  believed  to  have  wide  implications  in  processing 
ceramic  polymer-based  composites.  Some  of  these  po.ssiblc  applications  arc  outlined. 
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ADSTRACT 

An  oxunioitioa  of  Uw  captbillly  of  to  cucrglted  olectro-itKologlcil  fluid  to  tet  u  t  routing  ilii  fl  tetl  if  reported. 
A  two  diineiulotul  landntr  flow  model  bated  on  i  UIngham  platiic  flowing  between  parallel  plate  electrudcf 
indlealed  Uiat  leakage  wotild  alwayt  occur  whenever  the  tluft  wai  In  roUtlon,  wliatever  the  magnitude  of  die 
presfut  gradient  iloog  the  dealing  tunulud.  Ibid  result  wad  conflnned  In  caperimenid,  tlw  lesiilld  of  which  aliow 
dome  ditcrc|)ancy  between  tlieory  and  eKpcrlnu.ut  In  die  magnitude  of  the  leakage  rate.  However  Uiia  error  id 
accounuble  end  Id  acceptable  in  the  area  of  biuitcdiate  iutcrcdi-thafl  t|ieed  of  circa  lOOO/ISOO  tpm  and  at 
niaxlnium  yield  ur  electiodlredd. 


1.  Introductluii 

llic  High  Speed  Macliiiicd  Unit  ut  ShefTieid  University  is  developing  a  liglitwcigUt,  fast  response  catch 
wliicli  uses  an  rlectro-rlieulogical  fluid  as  Uie  controlled  connecting  medium.  Tiie  perfomunce  of  litis 
hotuonial  axis  cylindrical  clutch,  sliown  sclieinaiically  in  Fig.  1,  is  hindered  by  existing  scaling 
problems.  Tlie  rubber  lip  .seal  in  current  use  causes  undcainible  heat  generation  and  rotational  friction. 
At  high  speeds  (3000  tpin)  tlic  seal  creates  more  drag  titan  that  due  to  tlie  excited  'SR  fluid.  Hiis 
scalutg  friction  is  rcstrictiitg  tltc  speed  raitge.  It  was  prupo.vcd  titat  tliis  problem  could  be  reduced  witlt 
tlte  use  of  ait  clccu-o-rltcological  shaft  seal  (inspired  by  the  success  of  feno  fluid  seals  [1]). 
I’crniaitcittly  e^.jited  ER  fluid  would  Itopcfully  restrain  leakage  and  produce  less  rolaliottol  drag  than 
tltc  present  seal. 
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Experience  has  shown  [2,3,4]  that  ER  fluids  con  l>e  successfully  modelled,  albeit 
approximately,  as  a  Uingham  plastic.  'I’his  is  possible  if  electrode  separation  and  tlic  size  of  the  plug 
How  region  is  largo  compared  to  the  particle  diameter.  Also  significant  values  of  shear  rate,  y  and 
electric  Held  strcngtli,  H  must  be  involved.  Itirougliout  tliis  paper  tlic  EK  fluid  is  assumed  to  be  a 
homogeneous  incompressible  continuum  witli  Bingham  plastic  properties  (when  excited)  Uie  yield 
stress  To  depending  upon  E.  The  flow  is  assumed  to  be  fully  developed  and  isoUiennal.  11ic 
mallictnatical  analysis  outlined  in  section  2  shows  tliat  tlie  shear  (Couette)  and  pressure  driven 
(I’oiseuille)  type  flows  are  coupled,  both  flows  in  general  depending  upon  tlic  rotational  speed  and  tlic 
axial  prasurc  gradient.  When  tliere  is  flow  duo  to  rotation  the  Jioory  predicts  tlut  leakage  occurs.  An 
expression  for  tlie  leakage  flow  rate  utvolving  fluid  parameters  and  seal  geometry  is  derived. 
Theoretical  and  experimental  values  of  leakage  rate  obtained  from  tiro  test  apparatus  described  in 
section  3  are  compared  and  discussed  in  sections  4  to  6  and  the  feasibility  of  an  electro-rheological 
fluid  seal  is  evaluated. 


2.  Thcarcticil  Analysis 

In  tlie  test  rig  flow  occurs  in  botli  the  circumferential  and  axial  directions,  tlie  former  caused  by  rotation 
of  tlic  inner  electrode  and  tlic  latter  due  to  tlio  difference  in  pressure  inside  and  outside  tlie  seal.  Since 
tlie  gap  widtli  is  small  compared  to  the  radius  of  tlie  inner  elecb'ode  flow  is  considered  between  two  flat 
plates,  X  “  0  wliich  is  cartlied  and  moves  witli  speed  U  in  the  y-direction  and  a  fixed  plate  x  -  h  which 
is  raised  to  a  potential  V.  llie  pressure  gradient  is  iit  the  z-direction.  If  v(x)  and  w(x)  denote  the 
velocity  components  in  tlie  y-  and  z-  directions  respectively  tlie  two  rate  of  strain  components  1/2  dv/dx 
and  1/2  dw/dx  give  on  expression  for  die  resultant  two  dimensional  shear  rate 
y  •  {(dv/dx)2  +  (d'v/dx)2}'A/2  From  tlie  equations  of  motion  it  follows  dial  tlic  non-zero  shear  sU'css 


Tjy  and  arc  given  by 


(1) 


T 


528 

where  G(-<lp/dz),  a  and  b  are  constaiiu.  l<or  flow  to  occur  the  resultant  shear  stress 
must  be  greater  that  the  yield  stress  le  which  depends  upon  B.  For  this  solution  E  V/h  and  so  is  a 
positive  constant.  Since  G  <  0  flow  can  only  occur  if  (a-  +  b^)*^  ^  te  .  If  Te  <|a|  flow  is  possible 
across  the  whole  gap  witli  no  plugs  present.  However  if  [aj  <  te  <  (a^  +  b^)*^  there  is  a  central  plug 
with  flow  possible  on  cither  side.  Here  attention  is  restricted  to  the  ca.se  when  te  <  |Txy|. 

Using  the  constitutive  tlicory  presented  in  [51 


where  p  is  the  viscosity  wliich  is  assumed  to  be  constant.  From  £q  (I)  and  Eq  (2)  it  follows  that 


dv 

H--  =  a 
dx 


1-- 


a^+(Gx  +  b)^]2 


(3) 


(Ox  +  b) 


1-- 


a^+(Ox  +  b)^]2 


from  which  the  velocity  components  v  and  w  can  be  found. 
In  particular 


(-t) 


pw  =  |x(x-.h)  -  ^ 


{a^+(Qx  +  b)^'" 


2-(a^  +  b 


2)1 


(5) 


To  satisfy  the  boundary  conditions  w(0)  ■*  w(h}  >  0  it  follows  that  b  -Gh/2.  Ihe  boundary  conditions 
v(0)  -  U,  v(h)  -  0  are  satisfied  for  small  h  il  a  =  -(Tc+pU  /  h).  Both  component  therefore  depend 
upon  G  and  U  and  ao  are  affected  by  vaiying  either  the  axial  pressure  gradient  or  the  speed  of  the  plate. 
If  the  plate  moves,  for  any  fuiitc  pressure  gradient  flow  occurs  in  the  z-dircction.  The  leakage  flow  rate 
is  given  by 


Qx  = 


-Gh'’nr  ^  2iu 
6p  p 


^£li(G^h^ +  4a2)>^ + 


4G 


2G^ 


-Gh-t-(4a^  4  G^h^)>^ 
Gli  +  (4a^ +G2h^)^ 


(6) 


where  r  is  a  typical  radius,  and  ^  Qz  has  Newtonian  and  Bingham  conuibutions,  the  latter  always 
trying  to  reduce  the  fonner.  Wlicn  G  ~  0,  ”  0  and  at  high  values  of  G  the  Newtonian  term 

dominates. 


3. 


Eipcrlmenlal  Details 


Fig  2  Schematic  view  of  elcctro-rheological  seal  test  rig 


In  the  test  apparatus  shown  in  Fig  2  a  substantial  steel  sluft  is  mounted  vertically  in  two  ball  races. 
Tlus  shall  has  the  inner  electrotie/seal  attaciied  to  its  lower  end  which  fits  concer.uically  into  a 
stationary  outer  clectrodc/scal  giving  1/2  mm  (±0.02mm)  radial  clearance.  This  arrangement  gives  a 
sealing  length  of  10mm  on  a  60mm  diameter  which  is  the  same  diameter  as  the  clutch.  Having  such  a 
large  diameter  seal  ensures  that  measurable  leakages  will  be  obtained  and  alio  allows  an  analysis  in 
which  plane  geometry  is  assumed  and  so  any  radial  variation  of  the  electric  Held  is  neglected. 

Ihe  outer  electrode/scal  is  support^  in  a  clear  plastic  tube  which  acts  as  a  reservoir  within 
which  up  to  1 00mm  head  of  fluid  can  be  accommodated.  The  diameter  of  the  inner  shall  was  arranged 
so  that  a  minimum  of  fluid  could  be  used.  Both  inner  and  outer  electrodes  were  made  from  stainless 
steel.  The  rotating  iiuter  electrode  was  earthed  while  the  stationary  outer  electrode  was  connected  to  a 
high  potential  stabilised  DC  source.  The  set  but  variable  shall  speed  was  measured  by  an 
encoder/digital  meter  which  was  calibrated  with  a  precision  tachometer. 

The  fluid  leaking  from  the  seal  was  collected  over  a  given  time  and  then  weighed  so  that  the 
flow  rUe  could  be  calculated.  Two  dilTerent  fluids  were  used.  Both  were  silicon  oil/polymcthacrylate 
mixtures  and  were  characterised  by  Advanced  Fluid  Systems  Ltd  of  Wandsworth,  London.  The 
density  of  the  tirst  fluid,  type  code  S2030  made  up  of  20%  fine  suspension,  was  1092  kgm  5.  Tlic 
second  fluid  was  a  mixture  made  up  of  equal  parts  of  two  fluids,  one  having  30%  and  the  other  40% 
fine  suspension.  Its  density  was  1483  kgm’^. 
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4.  Results 

For  a  Ncsv<oniaii  fluid  laminar  flow  caused  by  an  axial  pressure  gradient  tlirougli  a  stalinnary  annular 
gap  lias  a  well  established  solution.  Initial  tests  were  done  willi  oil  (Nexus  68)  known  to  be  Newtonian 
to  establish  tiie  accuracy  of  the  apparatus  and  hence  produce  some  control  results  to  which  tlic  EH  tests 
could  be  eomnared. 

It  is  useful  to  define  a  'k'  factor,  a  ratio  of  flow  rates,  experimental  divided  by  tlicorctical 
results.  This  gives  an  indication  of  tlie  difference  between  theory  and  experiment.  The  oil  tests  were 
done  with  botli  stationary  and  rotating  inner  electrode  (S  ■=  10(X)/2000  rpm)  giving  k  fai:tors  of  1.09 
and  1.1 1/1.19  respectively.  The  increased  k  factor  in  tlie  second  ease  is  due  to  lower  fluid  viscosity 
because  of  heating  caused  by  inner  electrode  rotation.  Sunilai  tests  were  done  with  ER  fluid  and  no 
excitation  (volts  off,  =  0).  These  gave  k  factors  of  0.8  and  1.21  (to  =  1000  rptn).  Viscosity  values 
(zero  volts  for  ER  fluid)  were  obtained  from  a  Coueltc  viscometer  at  various  shear  rates.  It  was  found 
that  when  die  inner  electrode  was  rotating  fluid  temperatures  leaving  die  seal  were  2-3°C  higher  dian 
diat  entering,  hence  the  increased  k  factors. 

Finally  results  were  produced  for  energised  ER  fluid  (volts  on).  Fluid  head,  rotational  speed 
and  voltage  (and  hence  te)  were  all  varied.  Widi  no  inner  clecUodc  rotation  (to  =  0)  will)  an  axial 
pressure  gradient  leakage  could  be  restrained  with  as  little  as  SOO  volts  excitation  but  witli  die  .slightest 
amount  of  rotation  the  seal  would  leak,  even  at  2..*kV  and  3  rpru  the  shaft  being  turned  by  hand. 
Changing  die  experimental  procedure  between  fluid  energisation  before  rotation  and  vice  versa  nude 
little  difference  to  die  results. 

For  the  fluid  S2030  from  die  graphs  of  rotational  speed  verses  leakage  flow  shown  in  Fig  3,  it  is 
evident  dial  both  die  experimental  and  die  theoretical  results  have  die  same  form.  In  all  eases  die 
experimental  leakage  rates  arc  greater  than  die  theoretical  ones,  giving  a  maximum  k  factor  of  1.87. 
lliesc  difTcrences  are  accountable  and  are  discussed  below.  Additional  data  gleaned  from  the  plots  of 
die  dieorctical  analysis  alone  in  Fig  4  show  die  cflect  on  the  leakage  of  changing  die  electrode 
separation  h  atid  die  viscosity  ft.  Figs.  .1  and  6  show  die  effects  of  yield  stress  level  on  leakage  flow 
rate  at  a  fluid  head  of  5Cmm  and  the  effect  of  pressure  for  E  “  2kV/imn.  Furdier  work  involved 
checking  bodi  experimental  and  dieorctical  results  for  die  second  fluid.  These  results  gave  similar 
differences  between  theory  and  experiment  (Figs  7,  8  mclhod  1)  indicating  diat  die  results  are 
reproducible. 

In  order  to  produce  oil  the  dieorctical  results,  values  of  te  and  ft  have  to  be  substituted  into  Eq. 
(6).  As  this  was  dioughl  to  be  one  of  the  main  sources  of  error  various  schemes  for  evaluating  and  p 
were  used.  In  Fig.  3  method  1  shown  schematically  in  Fig.  9(a)  is  used.  In  all  the  methods  the  actual 
values  of  Xg  and  p  were  obtained  by  plotting  the  data  supplied  by  Advanced  Fluids  Systems  Ltd. 
Method  2  derives  Xj  from  x^o  =  x<;  +  py,  where  die  local  sliear  rate  and  voltage  fix  x^  but  p  is  again  the 
zero-volts  viscosity  sec  Fig.  9(b).  In  mcdiod  3  x®  is  calculated  as  in  mcdiod  1  but  die  values  of  p  used 
arc  calculated  from  die  slope  of  each  constant  voltage  line  as  shown  in  Fig.  9(c).  Metfiod  4  is  similar  to 
method  2  except  that  the  viscosity  and  yield  stress  values  arc  bodi  calculated  for  the  local  voltage  or 
shear  rate  as  shown  in  Fig.  9(d).  It  must  be  noted,  sec  Figs.  7,  8  that  die  manufacturer's  data  for  die 
second  fluid  is  not  available  for  dieoreticol  meUiods  2  and  4  above  300rpm.  Hence  a  direct  comparison 
is  not  possible  but  it  is  immediately  apparent  that  the  choice  of  the  Bingham  parameters  and  p  for  an 
imperfect  fluid  is  an  important  factor.  Also  it  should  be  noted  that  the  values  for  the  second  fluid  were 
uiierpolated  from  the  tnanufactuier's  data,  which  was  given  for  the  two  fluids  (30  and  40%)  separately, 
according  to  die  mediod  in  [6]. 


Leakage  flow  Cm~3/s) 
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Fig.  3  Leakage  flow  rate  v  rouiioital  speed  of  inner  eylindcr  for  0.5mm  gap. 
IHuid  S2030,  viscosity  0.096Pas,  5cm  head. 

(a)  applied  voltage  500  volts,  yield  stress  265Pa. 
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Fig.  4  (a)  Theoretical  predictioits  of  leakage  flow  rate  v  gap  size  for  fluid  S2030  m  0.6min  gap  at 
1000  volts,  5cin  head,  rotational  speed  of  inner  cylinder  lOOO  rpnx 


(b)  Theoretical  predictions  of  leakage  flow  rate  v  viscosity  for  fluid  S2030  in  O.Siiun  gap.  Sent 
head,  yield  stress  595Pa,  rotational  speed  of  inner  cylinder  lOOOrpm. 
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Fig.  5  Leakage  flow  rate  v  yield  stress  for  fluid  S2030  wiUi  5cm  licad,  rotational  speed  of  inner 
cylinder  lOOOipni. 


Fig.  6  Leakage  flow  rate  v  pressure  drop  for  fluid  S203(l  at  1000  volts  and  rotational  speed  of  inner 
cylinder  lOOOqnii . 
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I'ilj.  7  Leakage  flow  rate  v  rotational  speed  of  iiuicr  cylinder  for  second  fluid  in  O.Sniin  gup,  5cni 
head,  applied  voltage  SOO  volts,  yield  stress  42Sl’a. 


Haw  ra«  ulli 


I'ig.  8  Leakage  flow  rate  v  rotational  s|)eed  of  iiuier  cylinder  for  second  lluid  in  O.Sinm  ga]!.  5cm 
head,  applied  voltage  1000  volts,  yield  stress  1  lOOPa. 


(c) 


(ii: 


l  ig  9  Scl'cin^itjc  iliugruins  iiKiicattng  ihc  used  lo  calculate  v  ^itd  |i 

(u)  niclhod  1  (b)  inctliod  2  (c)  nicUiud  3 


(d)  inctltiid  4 
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S.  Discussion 

Any  success  in  applying  the  ER  clutch  will  probably  bt  due  to  its  fast  speed  of  rcsponsc/operation  and 
case  of  cicctio/mcclumical  interfacing  It  is  particulai'ly  suited  to  li^Uweight  applications  where  a 
high  torquc/incrtia  ratio  is  desirable.  At  liigh  speeds  of  operation  (3000rpm)  the  combined 
viscous/drag  atress  due  to  unexcited  fluid/rubber  lip  s&d  can  be  greater  than  the  yield  stress.  This  was 
tlte  incentive  for  an  electro-rheological  seal.  If  axial  leakage  could  be  restraint  whilst  reducing  the 
parasitic  drag  then  further  progress  would  have  been  made  towards  improving  the  clutch. 

Tlteoretical  analysis  suggested  tiiat  with  any  rotation  the  seal  will  leak.  In  practice  this  was  also 
tlic  case.  All  shaft  seals  roUtting  at  practical  speeds  will  leak  but  i<  is  apparent  that  leakage  rates  in  die 
proposed  uiTongemcnt  will  be  significant  compared  to  die  amount  of  fluid  in  the  clutch.  From  die 
graphs  of  leakage  flow  rate  verses  rotational  speed  it  can  be  seen  that  leakage  tends  to  a  maximum  (die 
Foiscuillc  value)  as  rotational  speed  increases.  This  gives  an  easy  method  for  calculating  maximum 
flow  rates. 

Althougli  experimental  and  theoretical  results  have  the  same  form  dicre  are  differences  in  the 
numerical  values,  in  some  cases  up  to  80%.  By  introducing  a  10%  error  into  each  theoretical  tenn  (x^, 
p.  It,  (b  and  f)  it  is  possible  to  see  which  is  die  most  critical  (using  a  total  derivative  approach).  Using 
die  values  used  to  produce  Fig  4  this  gives  errors  of  +5.3%,  +  5.2%,  +  26.6%,  +  4.6%  and  t  1 1%.  If 
all  arc  combined  a  total  error  of  67%  results.  It  also  appears  that  gap  size  is  die  most  critical  variable. 
Such  deviations  arc  realistic  due  to  die  basic  nature  of  die  test  rig.  Data  was  only  available  for  the 
fluids  used  for  Figs.  3  to  6  for  y  <  dOOOs'l  and  E  <  2.5kV/nun  and  2000s'l  for  Fig.  7.  Tlte  theoretical 
lines  in  Figs  3  to  6  were  plotted  using  method  1  for  calculating  Te  and  p.  A*  on  Fig.  3  indicates  die  use 
of  tucdiod  2  when  data  was  available.  F'igs.  7,  8  compare  theoretical  results  using  all  four  methods, 
llic  mediod  of  calculating  Xe  and  p  used  in  method  3  results  in  less  difTerence  between  theory  and  die 
experimental  results.. 

There  arc  many  odicr  reasons  for  the  signifleant  k  factors.  Fluid  temperature  increased  when 
passing  througli  die  seal  by  up  to  3°C  hence  reducing  viscosity  and  increasing  leakage  rates. 
Eccentricity  of  die  inner  and  outer  electrodes  (±0.02iiim)  will  allow  6.5%  more  flow  os  well  as 
producing  a  jiossiblc  pumping  effect.  T'imc  de|>endent  and  diixotropic  effects  will  tend  to  increase 
theoretical  flow  rate  values.  The  theory  assumed  fully  developed  flow  in  boUi  directions  wlule  ui 
practice  devciopinent  icngOi  effects  would  reduce  actual  flow  rates. 

It  would  be  possible  to  drastically  reduce  the  leakage  rate  without  increasing  the  seal  drag 
substantially  by  reducing  die  gap  widUi.  The  maximum  (Poiseuille)  value  is  proportion  to  while  Xty 
is  not  greatly  oifecled  if  is  iiiaintaiiied.  Leakage  flow  could  also  be  reduced  by  increasing  die 
clTcctivc  Icngdi  of  the  seal;  if  a  labyrindi  form  were  used  then  the  seal  compactness  would  be  retained. 
Further  work  needs  to  be  done  to  evaluate  such  schemes  but  in  its  pre-sent  fonn  die  ER  seal  would 
appeal  to  be  of  little  use 

6.  Conclusinii 

It  has  been  shown  diat  a  rotation  sliafl  seal  using  an  ER  fluid  as  the  scaling  medium  will  always  leak. 
A  reasonably  accurate  mcdiud  of  calculating  leakage  ratr>  for  such  a  seal  has  been  devised 
dcmunstraling  die  validity  of  die  Bingham  plastic/conUiiuum  approach  for  modelling  ER  fluids.  For 
die  simple  clutch  die  ER  seal  seems  to  be  of  little  use.  Furthn'  investigation  will  be  necessary  to 
evaluate  Uic  use  of  an  ER  seal  in  other  situations. 
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BINGHAM  PLASTIC  ANALYSIS  OF  liR  VALVE  FLOW 
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ABSTRACT’ 

Yield  stiear  ttiesses  and  shear  rates  at  a  valve  wall  are  derived  from  ex|Kiimenlal  results  OD  a  series  of  conceutric 
eyliuder  valves.  Use  fluid  cuostitutivc  equation  used  for  this  purpose  is  tlsat  of  a  Qintthain  Plastic.  Valve  plates 
(bcio|j  such  that  the  radial  gap  is  small  eompared  to  iu  meaa  pilch)  are  takcu  to  be  parallel  so  far  as  the  dciivation 
of  the  flow  v's  pressure  v's  gcomcuy  model  is  concerned.  A  range  of  eleetrode  separations  from  0  5  to  l  .Q  nun  are 
used  with  tlow  velocities  being  limited  to  the  region  where  the  viscous  pic.ssure  drop  component  is  below  tlut 
caused  by  the  electro  s<russ. 

Results  show  that  (away  fr^.n  the  region  of  low  sliear  ra^es  and  high  voltages)  tJic  wall  stresses  for  equivalent 
conditions  are  comparable  for  uiffercnt  valves,  for  a  range  of  applied  field  strengths  and  ineau  flow  velocities. 
Hius,  proviiled  tl>e  liyslerctic  region  is  avoided  the  fluid  can  tie  treated  as  a  Uiugham  continuum  <vilh  some  staled 
reservations.  However,  litis  only  applied  with  prccitsion  for  llic  truly  corresponding  siluatlons  defined  in  Ihc 
paper. 

1.  Iiilrotluclion 

Methods  of  mudeUiiig  tlie  flow  of  non-Newtonian  fluids  abound.  For  electro  rheological  fluids  (1IK1-) 
multi-particle  analyses  ore  becoming  reflned  to  tlic  point  tiiat  it  should  soon  be  possible  to  include  tlic 
effects  of  material  propcitics  (including  conductance)  in  them.  At  the  otlier  cxucinc  use  has  been  made 
of  apparent  viscosity  and  indeed  two  viscosity  models  [I].  None  of  tlicsc  analyses  have  so  far  been 
shown  to  give  tlie  applications  engineer  whal  he  wonts  -  an  efficient  and  reasonably  accurate  technique 
for  tlic  sizing  of  a  range  of  HR  controllers  from  one  set  of  fluid  choracteriutic  data,  especially  when 
time  domain  operation  is  called  fur  [2]. 

A  fundamental  fact  which  is  regularly  overlooked  is  tliat  tlie  main  use  of  ERF  ofleii  accrues  because  of 
tiicir  fast  time  rcs|K>nse  and  the  ability  to  impose  a  pro  yield  zone  electronically,  "i  hese  arc  usually  tlic 
prime  rcquiicmciits  of  machines  which  can  be  flexibly  operated  on  a  variable  configuration  of 
displacement,  velocity  or  force  versus  time  basis.  For  valve  control  tlic  positive  slope  of  the  dl*  v  Q 
curve  is  necessary  for  stability  of  machine  operation.  The  hold  position  should  be  as  stiff  as  possible, 
in  shoit,  the  ideal  machine  characteristic  would  posses  p  Bingham  plastic  fonn  |3]  with  a  response  so 
fast  that  high  resolution  of  tlie  desired  process  output  shrpe  could  be  achieved.  It  follows  from  this  and 
the  Bingliain  fonn  of  torque  versus  speed  difference  arising  from  an  idealised  ER  clutch  that  engineers 
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will  initially  Tavour  a  Binghain  plaatic  analysis  for  tiic  valvdfluid/machinc  itUcr-aciion  calculations 
provided  Uiat  it  docs  not  cause  too  gross  an  error. 

In  valve  flow  the  electron-hydraulic  liinc  delay  value  in  EKlt  is  oBcn  so  short  as  to  be  of 
negligible  effect  when  compared  to  transient  flow/ineitiol  considerations  in  the  connecting  circuit  [4|. 
Hie  choice  of  which  %  or  values  to  use  in  an  analysis  when  as  is  often  Uie  case  Xh,  -  f  (E,  y] 
and  p  /  KffB)}  can  cause  problems,  especially  in  two  dimensional  flows  [S],  Nevertheless  it  is  useful 
to  have  an  insight  into  tlic  value  of  the  model  over  a  range  of  valve  sizes  and  flow  conditions.  Hie 
present  paper  purports  to  throw  light  on  this  scenario  by  a  work  back  from  the  measured  flow/prcssure 
characterisation  for  a  range  of  near  parallel  plate  flow  valves  of  electrode  separation  O.S  <  h  <  1.0  mm 
and  lengtli  50  <  f  <100  mm  operating  at  mean  velocities  of  0  <u<  2  m/s  in  tlie  laminar  region  and 
valve  wall  shear  rates  up  to  4O,0OOi->. 

In  some  fluids,  at  a  given  operating  temperature,  Xg  >>  f  (y)  and  p  ~  K.[6].  So  far  as  modelling  is 
concerned  such  a  situation  would  seem  to  be  in  need  of  little  further  improvement,  provided  the 
electron-hydraulic  time  delay  was  short  and  die  hystcrciia  region  was  nut  encountered.  However,  in 
operation  many  fluids  will  have  regions  of  x,  ~  fty,  U),  p  <<  K  ^  ffB)  since  it  is  not  always  possible  to 
predict  the  parameters  a  machine  will  work  at  (fluid  temperature  for  instance  depends  on  the  specific 
duty  of  a  flexible  machine).  It  is  this  latter  and  more  complex  scenaiio  that  is  considered  here. 

2.  Apparatus 

Ports  of  the  test  rig  in  question  have  been  described  in  detail  in  previous  papers  viz:  lilectrical  supply 
[7],  pressure  measurements  [8],  pump  perfunnance  and  flow  monitoring  [9],  heat  transfer  and 
temperature  control  [10],  1‘or  the  purpose  of  tlie  present  work  the  test  rig  is  described  in  I'igs  1 
(general  arrangement).  Fig  2  (valve)  and  Fig  3  (drive  layout  etc). 

A  dtyristor  controlled  electric  motor  using  feedback  from  the  pmnp  shafl  S|)ccd  is  used  to  drive 
tlio  load  within  tO  to  -1%  of  full  speed  (-tO  to  -15  rpra  zero  to  full  load)  of  1500  rpm.  This  drives 
through  a  four  speed  reduction  gear  box,  ratios  1:1,  2:1, 4:1  and  10:1,  in  order  to  control  the  regulation 
of  the  motor  at  low  pump  speeds.  The  tachometer  used  was  a  DC  typo.  Using  an  order  of  mignitudc 
technique  slight  falls  of  speed  witli  valve  loading  are  corrected  for  [9].  A  typical  recording  (Fig  4) 
allows  litis  fall  of  speed  and  the  accompanying  pressure  response  of  tlic  valve. 
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3.  The  Test  Progremme 

With  a  particular  ER  valve  geometric  configuration  selected,  a  straightforward  test  procedure  was 
followed  to  detennine  firstly  tlie  relationship  between  pressure  drop  across  the  valve,  volume 
flow  rate  Q  through  the  valve,  and  voltage  V  across  the  valve  electrodes,  under  steady  conditions  as  far 
they  are  attainable. 

A  test  temperature  8  -  was  maintained  within  lirrtits  of  approximately  ±0.2S°C,  and  for  a 
selected  nominally  steady  volume  flow  rate,  conditioru  were  allowed  to  stabilise  for  zero  electrode 
voltage.  A  selected  electrode  voltage  was  then  applied  as  a  step  function,  and  valve  pressure  drop 
values  A?o  Nifore  the  voltage  step  and  AP^  afler  the  voltage  step  were  observed.  While  the  zero  volts 
pressure  drop  AP^,  was  always  steady,  the  pressure  drop  APgo  developed  rapidly  (over  a  period  of  order 
0.1  sec)  to  what  is  in  general  sli  icily  a  quasi-steady  state  •  variations  over  a  period  of  a  few  seconds 
normally  anuunt  to  only  a  very  few  percent,  can  be  neglected,  and  where  appropriate  the  mean 
pressure  drop  is  observed,  llie  required  data  recorded,  tlie  eieebude  voltage  wu  returned  to  zero,  a 
new  electrode  voltage  was  selected  if  required  and  applied  when  zero  volts  conditions  were  stable  once 
more.  With  all  test  values  of  electrode  voltage  completed  for  the  selected  volume  flow  rate,  the  volunse 
flow  rate  wu  changed  to  a  new  value  and  tests  for  the  diflerent  electrode  voltage  values  repealed  at  Ihc 
new  vuluiru  flow  rale. 

Each  valve  teat  generally  comprised  pteasure  drop  meuuretnenta  for  eight  levels  of  elccuode 
voltage  at  ten  volume  flow  rate  valuca  within  the  range  0-20  iit/min.  I'ho  electrode  voltage  range  v/u  0 
•  lOOC  V  for  the  O.S  mm  valve  clecUude  gap  h,  and  0  -  2000  V  for  h  -  1.0  nun,  ao  that  Uie  electric 
field  strength  E  -  V/h  wu  in  the  range  0  •  2000  V/mm. 

Afler  eacli  valve  test  wu  complete,  a  sample  of  ER  fluid  wu  taken  from  the  test  rig  and  tested 
in  s  small  0..5  nun  fixed  electrode  gap  clutch  mode  device  [II]  over  the  came  range  of  electric  field 
strengths  u  the  valve  test. 

Outside  the  ER  fluid/vaivo  configuration  tests  reported  heie,  the  valve  test  rig  hu  been 
examined  in  detail.  Using  the  positive  dispiscement  flowmeter,  the  gear  pump  itself  hu  been 
caiibrsted  u  a  flowmeter,  so  tlut  voluiue  flow  rsie  can  be  determined  from  pump  speed  ind  vilve 
preuure  drop:  this  is  of  value  in  applying  corrections  to  measured  flow  retc.'i  arising  from  changes  in 
valve  preuure  drop  which  affect  slip  around  the  gear  teeth.  Also,  with  the  rig  lilled  wiOi  a  hydraulic 
oil  of  known  Newtonian  viscosity  properties,  detailed  tests  were  carried  out  with  each  ER  valve 
geometric  configuration  to  determine  tiic  valve  properties,  end  losses  da  under  predictable  and  known 
conditions. 

Ihe  sequence  of  valve  configurations  tests  wu  u  follows: 

(i)  A  ;  h  “0.5  mm  X  f  “  100  min,  symbol  o 

(ii)  13  ii  -  0.5  iiu  1  X  f  -  50  nun,  syinuul  » 

(ill)  C  h  “  1 .0  mm  x  <  “  100  mm,  symbol  □ 

(iv)  Repeat  of  A  above,  symbol  x 

Each  of  tile  configurations  of  valves  A,  E,  C  is  of  two  concentric  channels  of  total  b  “  36 1 .5  mm 
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J.  /  l‘reieiitatioH  of  Ihe  Test  Data 

At  each  test  point,  a  direct  measurement  is  nude  of  die  valve  pressure  drop  corresponding  to  die 
electric  Ticld  sUength  H,  ineasured  as  voltage  V  across  die  known  electrode  gap  h.  Prior  to  die  step 
up])lications  of  the  electrode  voltage,  die  no-ncid  valve  pressure  drop  APg  and  volume  (low  rate  Q  for 
die  test  point  arc  measured  dirccUy.  The  rise  of  vnlvo  pressure  drop  from  AP^  to  AP^  gives  rise  to  an 
exua  load  on  die  pump  motor,  a  slowing  of  speed  and  an  increase  of  slip  in  die  pump,  and  hence  a 
decrease  of  volume  flow  rate  overall  and  u  decrease  in  die  actual  no-field  pressure  drop  component  of 
4P^  below  initial  APg.  Tliesc  changes  arc  calculated  from  the  known,  calibrated  gear  pump 
characteristics  and  are  applied  as  corrections  to  die  iiu-field  measurements.  Corrected  plots  of  die 
cmiro  valve  test  data,  for  four  specimen  constant  voltage  values  for  each  valve  ''onfiguratioii,  arc  shown 
in  Pigs.  S,  6,  ~i  -  die  number  of  voltages  shown  has  been  reduced  to  keep  the  gra;  hs  clear;  inlcmicdialc 
voltage  data  is  straight  forwardly  interpolated  . 

I'igs.  S,  6,  7,  allow  die  valve  pressure  drop  APgg  in  bars,  and  opposite  is  die  pressure  scale  translated 
into  electrode  wall  shearing  stress,  dtruugh  dre  simple  force  balance 

J.2  Generet  Observations  Related  to  the  Test  Data 

Tire  fulluwing  basic  observations  relate  to  die  valve  tests  and  die  test  dau. 

(i)  On  applying  the  clccUodo  voltage  as  a  step  change  disturbing  an  initial  steady  nu-lleld  flow, 
diere  is  generally  a  rapid  rise  of  valve  pressure  drop  to  a  new,  strictly  quosi-stcudy  state.  I  he  measured 
rise  time  is  of  order  U.l  secs,  and  deviation  of  die  new  quasi-steady  valve  pressure  drop  is  generally 
within  a  v,.ry  few  percent  over  a  period  of,  say,  ten  sccoiid.s.  1'his  time  includes  bodi  liKt^  and  lest  rig 
cifccts. 

(ii)  Doubling  die  vaive  iaigUi  (  means  doubling  die  clcctro-prcssurc  comiwncnt  Al’g  •  M’f„  -  Ai>„ 
to  a  first  approxinution. 

(iii)  Doubling  die  vaive  ciccuodc  gap  li  iiicuiis  iialving  the  clcclro-prcssurc  coiiiironcnt  AI’^  ui  a  first 
approximation,  for  constant  field  n.-aigth  U  «  V/li. 

(iv)  I'o  a  fust  approximation,  over  die  test  range  of  volume  flow  rate,  die  electro-pressure 
component  Ai’g  in  any  given  valve  is  cuiistaiit  for  constant  ciccuodc  voltage  V.  Mure  s|iueificall  . 
increasing  flow  i,.ic  tends  to  mean  increasing  clecUo-prcssnrc  for  die  wider  ulccirodc  gaii.  and 
decreasing  clcctro-prcssurc  for  die  narrower  ciccuodc  gaps  tested 
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(v)  Tor  the  larger  valve  electrode  gap,  at  lower  volume  flow  rates  and  higher  valve  electrode 
voltages,  there  is  a  tendency  to  unsteady  c’.ectro-prcssure;  after  tlic  initial  rapid  development  of  electro- 
pressure  common  to  all  the  test  points,  somewhat  higher  levels  of  electro-pressure  are  developed  in  a 
slower,  unsteady  fashion. 

(vi)  For  longer  valve  lengths,  after  the  initial  quasi-steady  electro  pressure  development,  there  is  a 
prolonged  slow  fall  of  the  electro-pressure  component  with  time  which  becoincs  cumulatively  quite 
significant. 


(vii)  There  are  some  slight  non-Newtonian  characteristics  of  the  no-iicid  flow  tlirouph  the  valve, 
which  are  seen  more  clearly  at  very  low  flow  rates. 

(viii)  llie  final  repeat  test  ol  valve  configuration  A  sliows  generally  a  very  good  repeat  of  the  initial 
test  data,  which  tends  to  conflnn  the  distinctions  between  the  tlucc  contigurations  A,  It  anil  t' 
However,  it  is  the  nature  of  tlic  fluid  tested  that  non-unifonnity  can  he  expected  iti  any 
liandiingfmixing/sampling/tiine  dependent  procedure. 

(ix)  Practical  operational  difficulties  which  can  occur  with  the  fluid  tested  include  compai  iiiig  undci 
high  pressure  c.g.  in  Uic  pump  jountol  bearings  and  electrical  sliort-circuiling  in  the  val'  c  under  hii’.li 
voltagc/liigli  pressure  conditions,  made  worse  by  small  electrode  gaps. 

(x)  llie  ranges  of  test  paraineters  chosen  here  stayed  clear  of  tlicsc  areas  of  difficnliy  -  tin-  llni.l 
proved  reliable  and  easy  to  work  with. 

4.  First  Steps  in  Analysis  of  I'est  Data 

For  liR  fluid  devices  with  a  parallel  flow  channel  similar  to  tltc  EU  valves  tested  here,  tlieie  us  a  simple 
conunon-sense  rclalionslUp  bonie  out  to  a  first  approximation.  The  clcctro-prcssurc  component  is 
clearly  approximately  constant  for  a  given  clccti,  jc  voltage,  and  dependent  on  electric  field  sucngUi 
and  valve  lengtli.  It  can  be  anticipated  that  tlie  ratio  AP^h  /  (  will  be  fixed  for  a  given  cln-tric  lirld 
suengtli  V/h  for  any  valve  electrode  gap  h  or  length  (. 

In  Figs  8,  9,  Ai',jh  /  f  is  plotted  against  volume  flow  rate  Q  for  four  different  constant  values  of 
tlic  clccu-ic  field  strengtli  V/li.  In  each  ease,  tlic  overall  mean  value  of  tlic  data  is  shown,  togcllicr  witli 
an  indication  of  ±  20%  bounds  (doited  line).  However,  altliough  the  result  is  broadly  as  anticipated, 
and  lliougli  the  uiitial  and  repeat  tests  witli  valve  configuration  A  give  closely  similar  results,  the  fact  is 
tliat  looking  at  die  field  strengtli  of  E  =  ’diyio  V/mm  at  volume  flow  rale  Q  =  17  lit/min,  the  value  oi 
Al'jh  /  f  for  h  =  1  nun  at  55  mbars  is  about  35%  above  tlial  for  h  =  0.5  nun  at  41  mbars,  valve  length 
being  (  -  1(X)  nun  in  both  cases.  Furtlicnnore,  tlic  data  for  the  two  valve  configurations  is  clearly 
diverging  as  volume  flow  rule  increases  furllicr.  In  tlic  case  of  u  fixed  electrode  gap  of  h  “  0.5  mm, 
Al'jh  /  f  is  some  20%  higher  at  Q  -  10  lit/min  for  the  valve  leiigtli  f  =  50  mm  than  it  is  for  the  valve 
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IcngU)  f  l(K>  nun.  aliliougli  ihu  trend  of  the  data  as  volume  How  rate  increases  is  the  same  foi  the  two 
coiifigiirn  ioiis.  ITk  sc  two  p.irticular  examples  are  seen  in  Fig.  10.  Much  the  same  is  true  for  all  of  the 
electric  I  iclil  strriigtlis  shown.  Ncte  tliat  Q  is  in  effect  on  indication  of  Reynolds  Number. 

4. 1  Pttuilers  to  I  'urther  Analysis  of  Test  Data 

fhc  tests  reported  here  were  part  of  an  ongoing  general  engineering  feasibility  study  with  BR  liuiils. 
Unc  aspect  i  f  feasibility  of  general  interest  is  characterisation.  Also,  it  is  required  to  know  c.g.  is  it 
|)ussiblc  to  carry  out  a  simple  small  scale  laboratory  test  which  will  produce  generalised 
desigiiiapplication  data  translatable  to  other  kinds  of  device?  This  is  really  the  key  question.  Or.  will 
generalised  data  apply  to  ail  valve  flow  situations  only,  rather  than  tlic  shear  mode  also?  For  this 
reason,  to  erve  0.1  u  crude  comparator,  simple  shcai  mode  tests  were  done  on  the  ex  valve  fluids. 

S.  Bingham  plastic  analysis 

llinghoni  plastic  How  is  well  described  in  die  literature  [12],  and  is  written  here  for  tlie  ease  of  How 
lictwccn  paiallcl  Hat  plates,  which  approximates  tlic  HR  valve  coniiguration  of  tliese  tests.  Following 
Uiis,  foi  any  test  point  of  Figs.  5,  6,  7,  a  Bingham  yield  stress  tb  for  tlic  fluid  can  be  found  from  die 
uqnatlnn 
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where  valve  diincnsioits  b,  b,  ?  aic  known,  Al’t.o  and  Q  are  known  tor  each  test  ]toim  by  mcasurctnciil, 
anu  Newtonian  viscosity  cocfftcicnt  g  is  found  from  the  slo|)c  of  the  no-field  pressure  drop  AP(,  vs  Q 
by  naeiisurcmcnt.  Using  diis  equation,  die  AP^h  /  f  vs  Q  data  of  Figs.  8, 9  is  u  anslated  into  lines  of  r, 
vs  .  at  constant  voltagc/field  strength  in  Figs.  10,  11.  Inspection  shows  that  die  underlying  trends  of 
die  data  arc  not  altered,  whilst  the  calculated  yield  stresses  for  tlte  two  eases  h  ^  0.5  imn  and  h  ==  1.0 
mm  lit  E  =  2000  V/mm  and  Q  -  17  lil/mm  are  even  furtlier  apart  than  was  die  APjh  /  /  data  .  On  die 
odicr  hand,  Ute  yield  stress  data  for  a  given  electric  field  strength  coincide  over  much  of  the  flow  rate 
langc  for  die  two  eases  of  valve  D  ,  h  x  f  =  O.S  x  50  mm,  and  valve  C,  h  x  /  1 .0  x  100  nun,  to  some 

degree. 

Also  included  on  Figs  10,  II  is  an  indication  of  die  yield  stresses,  %y,  detennined  for  die 
samples  of  fluid  taken  from  die  valve  rig  ufler  die  coiTCS|K>nding  tests,  in  die  rudimentaiy  clutch 
device,  at  die  corresponding  cicctric  field  sirciigdi. 

Aldiough  dicrc  is  often  quite  good  correlation  between  tlic  mcasurcmcnl  of  yield  stress  with  this 
clutch  device  and  die  levels  of  Oingbam  yield  stress  calculated  for  die  flow  mode  in  the  valve,  it  is  by 
no  means  clear  dial  the  plot  of  Bingham  yield  stress  vs  volume  flow  rate  for  different  valve 
coiifigurations  at  die  same  constant  cicctric  Held  strength  represents  a  satisfactory  oi  .nccuralc 
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gcncraJisation  of  the  valve  data.  The  nature  of  tltc  differences  between  tlic  various  valve  configurations 
is  made  clearer  by  the  following  figs.  12.  13,  14. 

The  similarity  between  general  (radial  effects  neglected)  clutch  type  and  valve  type  fluid  motion 
is  in  a  portion  of  the  valve  flow  field  between  parallel  plates  extending  from  one  plate,  or  wall,  out 
across  tlic  flow  to  an  extent  which  is  variable  and  can  reach  up  to  but  not  beyond  tlie  centre  line  of  the 
flow.  1‘or  tlie  Bingliain  piaso'c  flow  in  a  valve  (between  parallel  plates)  there  is  always  a  plug  at  tlic 
centre,  because  witliout  a  yield  stress,  tlie  shear  stress  and  shearing  rate  arc  zero  at  tlic  cenuc.  In  die 
clutch  device  dtcre  will  normally  be,  say,  a  high  shearing  rate  rigid  across  the  flow  channel  witli  little 
variation  of  shear  stress  and  shearing  rate,  with  the  exception  that  in  a  radial  clutch  if  there  is  a 
sufficiently  higli  yield  stress,  Uien  Uic  shearing  rate  will  fall  to  zero  diere,  a  plug  or  solid  body  of  fluid 
will  be  present  at  the  outer  wall  and  the  region  of  shearing  flow  will  be  narrowed.  Unless  this  occurs, 
the  clutch  situation  is  likened  to  the  region  immediately  next  to  the  walls  in  the  valve  sifration, 
extending  insufficiently  to  reach  tl.e  central  plug,  fhus  it  is  not  immediately  obvious  what  is  the  best 
generalised  description  of  flow  in  tlie  clutch  and  valve  modes. 

In  Figs.  12,  13  die  wall  shear  rate  (du  /  is  taken,  diis  being  found  from: 

---(r  -  i,  )  where  r  = 

A  number  of  diings  stand  out  in  die  plot  of  Binghani  yield  slicss  vs  wall  shearing  rale  in  I'ig.  12,  For 
the  higher  ciccu-ic  field  strength  of  B  =  20U0  V/mm  die  wall  shearing  rate  calculated  is  of  a  high  value 
at  all  volume  flow  rates;  dicrc  is  considerable  scatter  of  die  data  for  the  different  valve  configurations; 
and  for  the  wide  valve  elcetrodc  gap  h  1.0  mm  there  is  a  clear  minimum  level  of  die  calculated  wall 
shear  rate,  widi  an  increasing  level  accompanying  die  rising  ooiculated  Bingham  yield  stress  as  volume 
flow  rate  decreased  to  the  lowest  values.  It  seems  quite  clear  that  Uicrc  arc  differing  configurations  of 
the  flow  field  for  the  difTeiciit  valve  configurations. 

There  arc  various  potential  sources  of  error  and  dilTetcncc  between  the  valves,  but  these  are 
likely  to  lead  only  to  differences  in  magnitude.  For  example,  error  in  the  electrode  gap  of  0.C25  min 
represents  5%,  likely  tc  lead  to  an  8%  error  in  calculated  yield  stresses,  and  15%  in  die  no-ficld 
pressure  drop  through  die  valve.  On  die  odier  hand,  no-ficld  pressure  measurements  for  die  two  valve 
configurations  A  and  B  widi  gap  h  =  0.5  mm  imply  a  viscosity  eoclTicicnt  differing  by  only  3%  ,  lienee 
only  a  very  small  gap  difference  of  perhaps  1%  in  Uic  two  cases.  Flow  dcvciopineni  effects  for  the 
fluid  in  the  presence  of  die  electric  field  may  be  present  in  die  data;  on  the  odicr  hand,  in  die  case  of 
zero  electric  field  with  approximately  Newtonian  behaviour,  die  very  low  Reynolds  Number  of  flow 
(of  order  10  based  on  u  and  ti,  at  most)  implies  flow  development  lengths  of  the  order  of  the  gap  size, 
i.e.,  1  or  2%  of  valve  length  (. 

The  scatter  of  die  wall  shearing  rale  data  is  sliown  clearly  in  Fig.  13. 

One  of  the  most  interesting  pictures  given  directly  by  die  Bingham  plastic  analysis  is  dial  ot 
lug.  14,  showing  a  plot  of  the  ratio  plug  widdi/gap  widdi,  6/li,  vs  volume  flow  rate  Q,  for  coiislaiit 
values  of  electric  field  sU’ciigdi.  It  can  be  clearly  seen  dial  for  die  two  valve  configurations  A  and  B  for 
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electrode  gap  h  =  0.5  nun,  tlic  data  for  a  given  field  strength  lie  very  close  together,  but  for  the  gap  h  - 
1 .0  Him  of  valve  configuration  C  at  tlie  same  field  strength,  die  data  is  very  different.  In  fact  tlic  data  at 
field  strcngtli  1000  V/nun.  for  gap  h  -  I.O  nun  lies  very  close  to  the  data  for  field  strength  2000 
V/inm.  For  gap  h  =  0.5  rain  This  means  that  the  flow  fields  must  correspond  in  e.  dimensionless  map. 
It  also  indicates  that  tlic  plug  of  flow  which  will  occur  always  in  die  flow  mode  will  be  more  significant 
for  die  wider  clcctiode  gap  than  for  die  narrover  ga.i  at  c  given  electric  field  strength  -  in  o'hcr  words, 
similarity  of  flow  is  not  ''.ctcruiincd  by  electric  field  strength  alone. 

The  electric  field  strengths  selected  provide  fotu  clear  bands  of  (similar)  flow  on  tlir  plug/gap 
ratio  vs  volume  flow  rate  plot  of  Fig  14. 

In  examining  Fig.  14,  it  should  be  borne  in  mind  Uiat  die  particle  size  of  die  v  ry  wet  Li|)ol  30% 
volume  fraction  fluid  tested  ranged  approxiinalciy  from  5  to  25  pni,  i.c.  from  1  to  5%  of  rlccUodc  gap 
li  “  0.5  mm  and  from  0,5  to  2.5%  of  electrode  gap  h  =  1 .0  inm.  For  the  clccUodc  gap  li  =  0.5  mni,  a 
plug/gap  ratio  of  0.9  will  give  a  siicaring  flow  chaiuii'l  width  at  cacti  wall  of  ilic  some  order  as  die 
maximum  particle  size.  For  die  ciectradc  gap  It  -  1 .0  nun,  die  equivalent  plug/gap  ratio  is  0.95.  TItese 
ai  c  die  values  of  plug/gap  ratio  f  ound  fur  die  higli  elccU  ic  field  strcngtiis  and  low  volume  flow  rates  of 
die  tests 

6.  Uimeiisioiial  .\nslYsis 

Given  diis  scatter  and  die  various  trends  of  results  so  far  encountered  dimensional  a.ialysls  is  indicated 
IS  die  next  clear  step  in  examining  die  dau.  In  1121  Wilkinson  describes  ItcdslronVs  analysis  for 
Ulngha<n  plastic  flow  in  p'i>cs,  and  this  is  readily  applied  to  die  ease  of  flow  in  a  rectangular  cliaimcl, 
assuming  uml  wiudi  wiUi  no  edge  effects.  Wlicrcas  in  die  cate  of  Newtonian  flow  llicrc  are  two 
significant  parameters,  die  friction  coefficient  and  die  Reynolds  Number  (nssuming  smooth  walls),  fur 
die  ease  of  13iii3!ia.n  plastic  flow  dicrc  is  one  more  dimension  •  die  yield  stress  tb  -  tuid  one  more 

cMi.icnsionless  parameter,  refcircd  to  us  Utc  iledsudm  Number  tgpli  /  p  or  I’laslic  Number  tg  it  /  pu. 
Just  as  die  incumpressibie,  Newtonian  tluiF  motion  dcpuids  on  die  ratio  of  inertial  to  viscous  forces, 
so  for  a  Bingliam  plastic  anoUier  fachir  enters  in  as  the  viscous  force  fielii  is  modified  by  tlic 
superposition  of  die  yield  stress  on  die  viscous  shearing  saxss. 

In  dtc  absence  of  yield  stress,  die  Hcdstrbm  Number  is  zero  and  die  Iriction  coefficient  vs 
Reynolds  Number  plot  is  dial  for  a  Newtonian  fluid  in  laminar  flow  wlicrc  GodP.  A  non-zero  yield 
stress  will  increase  die  licdstidni  Number  and  lead  to  a  higher  friction  coelTicicnt  at  a  given  Reynolds 
Number:  die  'plug  flow'  increases  die  shearing  rule  at  tlic  walls  for  a  given  mean  fluid  velocity  u,  i.c 
for  a  given  volume  flow  rate  Q. 

If  die  clccirndc  gap  li  is  increased  at  constant  yield  stress  xi,  and  volume  flow  rate  Q,  tlicn  mean 
velocity  u  falls  in  proportion  as  It  increases,  llie  nominal  siicaring  rate  u/li  wili  dieit  fall  as  u  -  lienee 
for  die  ease  Xp  "  0,  tile  friction  coefficiciil  Cf  is  fixed  as  Reynolds  number  Re  is  fixed.  It  Xp  lias  some 
fixed  value  >0,  die  result  of  a  fall  in  the  value  of  u/l-.  i.s  dial  shearing  forces  fall  in  proportion  as  or 
li'^,  and  die  yield  stress  becomes  rapidly  more  significant  titan  die  shearing  stress,  and  will  coiitribnle 
die  same  effect  as  an  i.icrcasc  of  yield  slrc-ss. 
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irUic  Bingliam  plastic  model  is  a  good  approxiniatioii  for  tlic  ER  fluid,  tiicn  the  data  must  fall 
reasonably  clearly  into  tlic  Oiree  dimensionless  groups,  and  this  is  in  fact  the  case.  Data  is  shown  in 
h'ig.  IS  for  five  reasonably  constant  values  of  tiic  Hedstrom  Number,  including  the  zero  ease  of  no-fleld 
flow  in  ail  tlic  test  valve  configurations.  Tlic  data  sets  ore  exactly  tiiosc  shown  in  Fig.  14  where 
electrode  voltage  is  held  constant  for  a  given  valve  configuration,  die  Hedstrom  Number  denoted  nj  is 
reckoned  constant.  For  each  data  set  of  constant  tea,  the  relationsliip  between  friction  coefficient 
■twec/P^^i  dchofed  Jti.  and  Reynolds  Number,  puh/g  denoted  it2,  is  represented  by  a  linear 
regression  equation  of  tlie  fonn,  where  a,  m  ore  constants, 

Intti  =  a  +  m  hiH2 

llie  degree  of  constancy  of  die  Hedstrom  Number  is  shown  in  Fig.  Id,  where  it  can  be  seen  dial  nj 
is  fixed  to  a  reasonable  degree  of  accuracy  by  Utc  electric  field  strength  and  die  electrode  gap.  Fig.  16 
also  shows  the  prediction  of  Hedstrom  Number  for  the  valve  flow  from  sialic  clutch  mode  test  data 
determined  for  small  samples  of  die  fluid  taken  from  die  valve  lest  rig  at  die  end  of  each  test. 

Hie  linear  regression  data  of  Fig.  IS  is  summarised  in  Fig.  17  where  die  constants  a  and  m  arc 
plotted  against 

We  can  now  attempt  to  work  backwards.  If  Hedstrom  Number  113  is  specified,  tlieii  a  plot  of  )t| 
vs  112,  friction  cocfTicient  vs  Reynolds  Number,  is  specified  to  a  first  approximation.  A  simple  clutch 
mode  test  of  a  fluid  sample  should  predict  valve  mode  performance  to  a  first  approximation,  for  any 
valve  configuration  widiin  reasonable  bounds  considering  die  scope  of  the  tests.  Htis  mcdiodology 
will  be  die  subject  of  a  furdier  paper. 

7.  CaiiclusioM 

The  finding  dial  single  properties  of  fluid  can  probably  be  used  to  predict  wliat  liappcns  in  siiear  and 
flow  over  a  range  of  conditions  and  sizes,  and  with  some  accuracy  provided  corresponding  conditions 
arc  observed,  is  tentative.  A  furdier  paper  will  however  show  die  closeness  of  simple  clutch  and  valve 
data  over  tlic  ranges  encountered  in  tlie  present  paper. 
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9.  Nomenclature 
a  '  linear  regression,  constant 

b  '  valve  efrcctivc  width  -  2it  x  mean  radius,  (x  2)  in  double  cluuuiel  valves. 
E  -  magnitude  of  electric  field  =  V/h, 
in  -  a  1  unction  of  ( ). 

K.  -  general  cotistant. 
h  -  inter  electrode  Ciiacing. 

(  -  lengtli  of  valve. 

AI>  -  valve  pressure  drop  over  lengtli  f.  -  direction  of  increasing  fiow  nitc. 

Q  -  volumetric  flow  rale  Uirough  valve,  in  direction  of  f. 
in  linear  regression,  slope, 

u  -  velocity  along  the  valve, 

u  -  mean  velocity. 

V  -  voltage  applied  to  inter  electrode  space, 
y  -  direction  across  die  valve. 

5  -  widtli  of  plug  flow  region. 

p  '  fluid  viscosity  at  zero  volts  and  plastic  viscosity  when  excited, 

u  '  distance  to  point  in  shearing  zone  new  from  centre  of  channel. 

It  '  dimensionless  group. 

T  -  general  shear  rate. 

0  -  temperature  of  fluid. 

T  -  shear  stress. 

Cf  -  friction  coefficient,  /pu  =  it| 

Kc  -  Reynolds  Number,  puh  /  p  -  ^2 

1  Id  -  Hcdstroin  Number,  t(,  ph^  /  p  ^  =  ji , 


549 


Suffixes 

b  -  derived  from  use  of  Bingham  model, 
c-  -  due  to  field  effect  alone. 

O"  -  due  to  flow  effect  alone. 

CO-  -  due  to  combined  flow  and  field  effects. 
II  -  identification  number, 

w-  -  waii  condition,  or.  electrode, 
y  -  a  yield  effect,  in  stiearfclulch  mode. 


CONTROLLER 
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HSU 


xIOOmm  1-^  2000  V/mm 
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SIMULATION  AND  EXPERIMENTAL.  STUDY  OF  A  SEMI-ACTIVE  SUSPENSION 
WITH  AN  ELECTRORHEOLOGICAL  DAMPER 


X.  M.  WU.  J.  Y.  WONG.  M.  STURK,  and  D.  L.  RUSSELL 

Transport  Technology  Research  Laboratory 
Department  of  Mechanical  and  Aerospace  Engineering 
Carleton  University,  Ottawa,  Canada,  KIS  5B6 


ABSTRACT 


Various  conaol  strategics  for  a  scmi-activc  suspension  system  witl>  an 
clccaoriicological  (ER)  damper  were  studied  using  computer  simulation  u:chnii|ucs,  as 
well  as  cxpcrimeiiUilly  using  u  quarter-ear  model  U'st  facility.  The  control  strategics 
examined  included  those  primarily  designed  for  enhancing  ride  comfort  and  for  improving 
road  holding.  It  was  found  that  the  strategics  designed  fur  enliaiiemg  ride  comfort  do  not 
necessarily  provide  improved  road  holding  cliaraetcristies,  and  vice  vcr.sa.  Consequently, 
various  composite  conu-ol  suatcgics  for  improving  both  ride  comfort  and  road  holding 
were  investigated. 

ExperimenuU  investigations  showed  tltat  tire  damping  cluuaeterlslics  of  an 
clcctroriicologioul  damper  depend  not  only  on  the  electrical  field  strength  but  also  on  Uic 
frequency  of  excitation.  For  die  elccuorhcoiogical  fluid  used  in  tlic  study,  die  equivalent 
tlamping  ratio  decreases  significantly  with  the  increase  in  die  frcrjuciicy  of  cxciuitioii.  lids 
is  primarily  due  to  the  fact  tliat  'he  shear  ratio  of  the  fluid  u.scd,  which  is  the  ratio  of  the 
shear  strength  at  a  given  electrical  field  strength  to  dial  widioul  applied  cleeirical  Held, 
decreases  widi  tlie  increase  in  ilic  slicar  rate.  This  behaviour  must  be  udeen  inU)  account 
in  ilie  development  of  elccuorhcoiogical  tlampcrs.  Furdicnnorc.  at  high  frequencies,  the 
duration  of  die  applied  volugc  with  any  of  die  control  strategics  examined  is  very  short. 
As  a  result,  dicre  is  lildc  difference  in  die  measured  ixjrformance  of  die  semi-aedve 
.susiiciisioii  widi  different  control  strategies  examined  over  a  wide  range  ol  ftcquciiey.  To 
achieve  die  poleilliai  of  an  EK  fluid  damper,  improvemems  in  die  mechanical  behaviour 
of  EK  fluids  arc  a  key  factor. 


Nomenclature 

Q  damping  coefficient  of  the  damper 

Q  critical  damping  coefficient 

Cj  desired  damping  coefficient  for  road  bolding 

C,  desired  damping  coefficient  for  ride  comfort 

C,j  desired  damping  coefficient  for  composite  control 

C,|,  threshold  damping  coefficient 
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k. 

kj 

m, 

ITlj 

X,  X,  Jt 

y.  y,  9 

z,  i,  & 

a 

Ou. 


equivalent  spring  rate  of  the  tire 
spring  rate  of  the  suspension 
unsprung  mass 
spmng  mass 

vertical  displacement,  velocity  and  acceleration  of  the  tire  contact  point 
with  the  road  surface,  respectively 

vertical  displacement,  velocity  and  acceleration  of  unsprung  mass, 
respectively 

vertical  displacement,  velocity  and  acceleration  of  sprung  mass, 
respectively 

ratio  of  dynamic  tire  deflection  to  static  tire  deflection 
threshold  ratio  of  dynamic  tire  deflection  to  static  tire  deflection 


1.  Introduction 

To  further  improve  ride  comfort  and  road  holding  of  ground  vehicles,  active  and 
semi-active  suspension  systems  have  attracted  considerable  interest  in  recent  years.  While 
an  aedve  suspension  can  provide  improved  ride  and  handling,  as  well  as  the  control  of 
the  height,  roll,  dive  and  squat  of  the  vehicle  body,  it  is  complex  and  requires 
considerable  cxtcnial  power  to  operate.  In  comparison,  a  semi-active  suspension  is  less 
complex  and  requires  much  less  power  to  operate.  In  this  type  of  suspension,  the 
conventional  suspension  spring  is  retained,  while  the  damping  force  of  the  damper  catt 
be  modulated  in  accordance  with  operating  conditions.  The  regulating  of  tlie  damping 
force  can  be  achieved  by  adjusting  the  orifice  area  in  the  shock  absorber,  thus  clianging 
the  resistance  to  fluid  flow.  More  recently,  the  possible  application  of  the 
eiccuorheological  (ER)  fluid  to  the  development  of  controllable  dampers  has  attracted 
considerable  interest.  Its  resistance  to  flow  is  related  to  the  electrical  voltage  applied 
across  it.  The  process  is  continuous  and  reversible,  and  the  response  is  almost 
instantaneous.  By  regulating  tlic  voltage  applied  acro.ss  the  flow  of  the  ER  fluid  in  a 
damper,  the  damping  force  can  be  varied  in  a  convenient  way''^.  It  ha.s  been  shown  that 
when  properly  designed,  the  performance  of  a  semi-active  system  may  apjtroach  that  of 
an  active  system  under  a  variety  of  oiJcrating  conditions’. 

In  this  paper,  vtirious  control  strategies  for  the  scmi-active  suspension  to  achieve 
improved  ride  comfort  and  road  holding  are  evaluated  and  compared,  using  computer 
simulation  techniques.  Based  on  the  simulation  results,  the  peiformancc  of  a  semi-active 
suspension  with  an  ER  damper  having  various  control  strategies  was  experimentally 
measured  and  evaluated,  using  a  quarter-car  model  test  facility  in  the  laboratory. 


2.  Control  Strategics  for  Scmi-Active  Suspensions 

A  semi-active  suspension  system  with  appropriate  control  strategy  should  provide 
improved  ride  comfort  and  road  holding  for  a  given  suspension  travel,  in  comparison  with 
the  conventional  passive  suspension.  Ride  comfort  may  be  evaluated  by  the  response  of 
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the  sprung  mass  to  the  excitation  from  the  ground.  Usually,  the  transmissibility  ratio  (or 
transfer  function)  is  used  as  a  basis  for  assessing  the  vibration  isolation  characteristics. 
Road  liolding  is  related  to  the  variation  of  the  normal  force  between  the  tire  and  the  road 
during  vibration.  It  can  be  represented  by  the  dynamic  tire  deflection  or  the  displacement 
of  the  tire  centre  relative  to  the  road  profile*.  To  examine  the  vibration  isolation  anu  road 
holding  characteristics  of  a  semi-active  suspenttion  with  different  control  strategies,  a 
quarter-car  model,  as  shown  in  Fig.  1,  is  used  in  the  analysis. 


Figure  1  A  quartcr-car  model 


If  the  damping  is  assumed  to  be  viscou.s,  the  equations  of  motion  for  the  two 
degrees  of  freedom  system  are  as  follows: 

m.^?=k^(z-y)  -k^(y-}()  (1) 

m^S^-k.^iz-y) -C^ii  )  (2) 

where  m,  is  the  unsprung  mass,  mj  is  the  sprung  mass,  k,  is  the  equivalent  spring 
stiffness  of  the  tire,  is  the  suspension  spring  stiffness,  and  Q  is  the  damping  coefficient 
of  tile  damper. 

It  should  be  noted  that  the  static  equilibrium  positions  of  tlie  .sprung  and  unspntng 
mas.ses  are  taken  as  the  origins  for  the  co-ordinates. 
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2.1  Control  Strategies  for  Improving  Ride  Comfort 

In  the  past,  investigations  into  the  control  strategies  for  semi-active  suspensions 
have  been  primarily  concentrated  on  improving  ride  comfort  (  or  vibration  isolation). 
Three  representative  control  strategies  for  improving  ride  comfort  are  outlined  below, 
The  objective  is  to  reduce  the  sprung  mass  acceleration  by  modulating  the  damping  force 
in  accordance  with  operating  conditions. 

Strategy  A.  An  on-off  control  strategy  proposed  by  Krasnicki’  and  Margolis  and 
GoshtasbpouP.  This  cotitrol  strategy  can  be  described  as  follows; 

If  z (i-jl'l  >0,  tlicn  the  maximum  damping  is  required, 
and  if  i(i-y)  <0,  tlien  the  minimum  damping  is  required. 

where  ±  is  the  velocity  of  the  sprung  mass;  z-y  is  the  relative  velocity  across  the 
damper.  This  strategy  indicates  tliat  if  the  relative  velocity  of  the  sprung  mass  with 
respect  to  the  unsprung  mass  is  in  the  same  direction  as  that  of  the  sprung  mass  velocity, 
then  a  maximum  damping  force  should  be  applied  to  reduce  the  sprung  mass  acceleration. 
On  the  other  hand,  if  the  two  velocities  arc  m  the  opposite  direction,  the  damping  force 
should  be  at  a  minimum  to  minimize  the  acceleration  of  the  sprung  mass.  This  control 
strategy  is  based  on  the  "sky-hook "  concept.  It  should  be  noted  that  this  comrol  strategy 
requires  the  measurement  of  the  absolute  vcltKity  of  the  sprung  mass.  Tlie  accurate 
measurement  of  the  absolute  vibration  velocity  of  the  sprung  mass  on  a  moving  vehicle 
is,  however,  very  difficult  to  achieve,  llms,  this  control  strategy  is  difficult  to  implement 
in  practice. 

Strategy  B.  A  control  strategy  intended  to  minimize  the  sprung  muss  acceleration 
by  continuously  adjusting  the  damping  force,  fi'roni  liq.  (2),  it  can  be  seen  that  to  reduce 
the  sprung  mass  acceleration  to  zero,  the  desired  damping  (•(xsfficient  C,  is  given  by 

C=-k^(z-yW-f) 


where  z-y  and  i-y  arc  the  relative  displacement  and  relative  vcltKily  across  the  damper, 
respectively. 

It  should  be  noted  that  this  control  strategy  only  requires  the  measurements  of 
relative  displacement  and  velocity  between  me  sprung  and  uni>prung  mass,  which  can 
easily  be  made  in  practice.  It  should  be  pointed  out  that  to  satisfy  liq.  (3).  the  desired 
damping  coeff'cicnt  may  be  negative  under  certain  circumstances.  Since  negative 
damping  can  not  be  realized  in  practice  without  active  power  input,  the  minimum  possible 
damping  should  be  applied  in  this  case.  On  the  other  hand,  if  the  desired  damping 
coefficient,  as  determined  by  Eq.  (3),  is  beyond  the  range  that  the  active  damper  cun 
suppiy,  the  maximum  possible  damping  should  then  be  applied.  This  conu'ol  suategy  is 
similar  to  that  proposed  by  Alanoly  and  .Sankar'’  and  Jolly  and  Miller'. 

Strategy  C.  A  control  strategy  similar  to  strategy  B,  but  instead  of  continuously 
adjusting  die  damping  force,  it  will  be  set  at  either  the  maximum  or  the  minimum  value, 
dependent  upon  the  operating  conditions. 

From  Eq.  3,  the  desired  damping  coefficient  C.’.,  is 

Cr-k^(z-yW-y) 

If  C,  i  Cu,,  then  damping  is  set  at  the  minimum  level 
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if  C,  >  C^,,  then  damping  is  set  at  the  maximum  level 
where  C,^  is  referred  to  as  the  threshold  damping  coefficient.  Based  on  the  rcsult.s  of 
simulation  and  experimental  study,  the  suitable  value  of  irtay  be  taken  as  0.3  C...  where 
Q  is  the  critical  damping  coefficient  for  the  sprung-mass  system. 

The  tlirec  control  suategies  described  above  are  referred  to  as  ride  comfort  control 
strategies  A,  B  and  C,  respectively. 

2.1  Control  Strategies  for  Improving  Road  Holding 

It  should  be  understood  that  the  strategies  described  in  the  previous  section  arc 
designed  for  improving  ride  comfort.  It  will  be  shown  later  that  these  strategies  do  not 
necessarily  offer  improved  road  holding.  To  improve  roso  holding,  the  following  two 
strategies  arc  studied.  The  objective  is  to  maintain  the  nomtal  load  between  the  tire  and 
the  toad  at  a  certain  level  by  modulating  the  damping  force  in  accordance  with  operating 
conditions. 

Strategy  A.  An  on-off  control  strategy  for  modulating  the  damping  force  based 
on  the  direction  of  the  relative  velocity  between  the  sprung  and  unsprung  mass. 

If  z-jl  a  0,  then  the  damping  is  set  at  the  minimum  level, 
and  if  z-y  <  0,  then  the  damping  is  set  at  the  maximum  level. 

This  strategy  indicates  that  if  the  relative  velocity  is  positive,  that  is,  the  clamping  force 
exerted  on  the  tire  is  upward,  then  the  value  of  the  damping  coefficient  should  be  set  at 
the  minimum  level  to  help  maintain  the  normal  load  between  the  tire  and  the  road.  On 
the  other  hand,  if  the  damping  force  exerted  on  the  tire  is  downward,  the  damping  is  set 
at  the  maximum  level  to  enhance  road  holding. 

Strategy  B.  A  control  strategy  intended  to  minimize  the  dynamic  tire  deflecdon 
by  continuously  adjusting  the  damping  force.  From  Eq.  (1),  it  can  be  seen  that  to  reduce 
the  dynamic  tire  deflection  (y-x)  to  zero,  the  desired  damping  coefficient  Q  is  given  by 

It  should  be  pointed  out  that  to  satisfy  Eq.  (4),  the  desired  damping  coefficient 
may  be  negative  under  certain  circumsutnees.  Since  negative  damping  cannot  be  realized 
in  practice  without  active  power  input,  the  minimum  possible  damping  should  be  applied 
in  this  case.  On  the  other  hand,  if  the  desired  damping  coefficient,  as  determined  by  Eq. 
(4),  is  beyond  the  range  that  the  active  damper  can  supply,  the  maximum  possible 
damping  should  then  be  applied. 

The  two  control  strategics  described  above  are  referred  to  as  road  holding  control 
strategies  A  and  B,  respectively. 

2.3  Control  Strategies  far  Enhancing  Bosh  Ride  Comfort  and  Road  Holding 

The  control  strategics  described  in  section  2.2  arc  intended  for  improving  road 
holding.  It  will  be  shown  later  that  these  strategies  do  not  necessarily  offer  improved  ride 
comfort.  In  an  attempt  to  provide  a  proper  balance  between  ride  comfort  and  road 
holding,  the  following  three  control  strategics,  which  will  be  referred  to  as  composite 
control  strategies  A,  B  and  C,  ate  examined. 
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StTutcgy  A.  A  cuinposiie  control  strategy  based  on  the  ratio  ot  the  dynamic  ti^c 
dcHcctiun  to  the  static  tire  dcllcciion.  The  dantinng  cocliicieni  tor  this  control 
strategy  is  set  in  accordance  vsith  the  tolhiwing  condition 

where  t<  IS  the  ratio  ol  die  dynamic  tire  detleciion  to  the  static  iiit  dedcc'.ioii.  dial  is. 
e  ly-j£Vl(«,*mj)«/J:,  ).  and  and  C.  arc  the  desired  damping  cociru  irnis  lor  road 
holding  and  tor  nek  ciHiiton.  rcspccticeK,  as  detined  preciously 

It  should  be  lulled  that  when  u^).  the  damping  coctticicol  (',,  t  ..  which  iiK'ans 
that  the  conliol  is  focused  on  improving  ndc  ciuutoil  On  tlic  oilier  luiul.  d  it  I.  the 
damping  coeliicieni  which  niraiiv  that  (he  contnil  is  conccniralcd  on  impniving 

road  holding 

It  should  be  iiKntuiried  that  the  dynamic  tire  dcllccuon  is  si.  which  is  used  as  .1 
control  paianictcr.  can  lie  densed  Iroiii  the  rK-.ouTcd  .iKciMiT..lions  ot  the  sprung  .nul 
iiiispruiig  masses  as  follows 

s  X 

Strategy  ii  Itie  damping  coettincni  is  set  to  the  sahie  ol  either  t or  (  , 
dehiicd  presuiusly,  dependent  ti(vtn  the  value  ol  <t.  that  is 

tl  lU  (1^, 

and  ('»=<'<.  it  ‘A-" 

whcR'  (tg,  IS  the  ihreshcitd  value  tor  the  ratio  ot  the  dynamic  me  lUtlection  to  the  static 
tile  dcIlectis.M  Uased  on  the  results  ot  smnil.Mion  and  es|vniiic’nial  siudv,  n,^  mas 
taken  as  U..'i 

'i'his  strategy  indicates  that  it  the  dynamic  me  detlecuon  is  Iocs,  die  sonitol  is 
focused  on  improving  rule  comton  On  the  oilier  hand,  when  die  dynamic  die  dellcction 
is  higher  than  a  predelcnuined  value,  the  lonitol  is  ^(uteenuated  on  impiovmg  iiucl 
holding 

Strategy  ('  Similai  to  strategy  H  described  .iNice.  the  dam)>iiig  coettinein 
cleiieiids  ujxin  the  value  ol  u  I'lns  conlicil  siialegy  is  Ucvciibed  as  lolU>ws 
IS  set  at  the  nuicimum  damping  value,  d  n  •  0,^. 
and  if  n< 


3.  Siinulatiun  Study  uf  Vitriuits  (luutnit  SIralegiev 
3.1  Vibration  Itolaiton 

Ttie  vanouv  ccuilrol  sltaiegiev  devciilK'd  alv>vc  .ire  ev.diiaird  ,irut  wumpaivd  using 
computer  simulaiuiiis  ba.scxi  on  the  ctuarter  c.ir  iihhIcI  sbowti  in  l-ig  1  !  he  parameters  ol 

the  iixickl  are  mi=b  7  kg.  m.,-  44  2  kg,  k,--24  s  gS/m.  k.  -l  Js4ii  kN7m  nic  escdaiion 
from  llie  ground  >  assumed  to  hr  sinuv.iidal  widi  a  amplitude  ol  ocod  prolile  up  to  U) 
mm  !'or  the  sen  active  susiktisicmi  with  the  coniiiuiiius  ciMidol  stiaiegies,  the  damping 
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ralii>  (.'un  \4i\  loniinmiu^K  troni  0  II  in  I  i).  aiul  hii  iht-  ^u'>|K'lu;ltn  with  an  nn  nil 
viHilnil.  ih'  (lamping;  rallii  u  lakrn  l«>  he  HI  I  uinniiiuim)  when  the  lontml  n  nil  .uid  I  n 
iiiu<iiinuiiii  when  ii  iv  nn 


Fiuui'i'  2  A  tiuiip.inMiM  nl  the  traiiMuissibiliues  lor  dilTeivni  eimiii)!  stratejiies 
hii'.cil  nil  '■iiiuilalinn  results 


I  ijiure  2  shnws  the  transmissihlliiy,  which  is  the  ratin  of  tlie  nxit  inean  square 
itiii'.i  saliie  n!  the  .leeeleruiiou  of  ihe  sprung  mass  in  that  t'f  the  liie-ground  coniaei  point, 
tor  wiiii  active  susiieiisinns  with  the  various  coiiu'ol  strategies  described  previously.  Tor 
cniiipaiisnn.  the  traiismissihihly  of  a  passive  susiKiision  with  a  damping  ratio  of  0.3  is 
alsii  shown  in  i-ig.  1. 

I  tie  coiiifol  strategy  A  for  ride  comfort  underperforms  the  control  strategy  B,  and 
the  control  stnitegy  ('  yields  similar  results  to  those  for  the  control  strategy  B,  Therefore 
tiiiiS'  the  sintulatioii  resulis  lor  the  control  strategy  B  Itrr  ride  comfort  are  shown  in  Fig. 

The  traiiMmssibiliiies  for  the  .setni-aettve  suspensions  with  the  control  strategy  B 
lor  road  holding  and  with  the  contixt.sitc  control  strategy  C  are  also  shown  in  Fig.  2.  It 
should  Ix'  nxmiioiied  thui  the  control  strategy  A  for  road  holding  underperfomis  the 
control  strategy  B  and  ihcoiforc  is  not  included  in  the  figure. 
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FREQUENCY  (Hz) 

Fiuurc  i  A  compuristin  of  the  Uynuiitic  lire  ikllctiioii  taiu'v  tt>i  ilitiea-m 
L'onirol  sirutc^ies  huseti  ou  Miimtatiun  icmiUs 


From  I'ig,  2,  it  cun  l)c  scon  that  the  iranMiiissihility  of  the  siis|K-nsion  with  ilte 
cof.irol  strategy  U  for  ritlc  comfort  is  comparahle  to  that  of  ilie  conventional  passive 
system  arounif  the  natural  frcc|uency  of  the  sprung  mass  and  is  lower  at  other  lrec|iiencies. 
The  transmis-sihilily  of  the  susiwnsion  with  the  control  strategy  U  lor  load  holding  is 
coinpurublc  to  that  with  the  conu'ol  strategy  H  for  ride  comfon  at  freniiencies  Ivlow  t  11/, 
bcyi  nd  that  it  i.s  higher.  Ttie  transmissibiliiies  of  the  susiiciision  with  the  com|>osite 
control  strategics  A  and  B  are  similar  and  lue  coinpiuable  to.  or  lower  than,  Uiui  of  the 
passive  system  at  frequencies  l)eU>w  the  natural  frequency  of  the  unsprung  mass,  litii 
higher  beyond  that,  llie  transmissibilily  tif  the  su.s|)cnsioii  wuh  the  comiwisiie  l  ontrol 
strategy  C  is  similar  to  those  of  the  composite  control  strategies  A  and  B  at  frei|uencies 
below  6  Hz,  where  the  maximum  damping  is  applied.  Beyond  that  it  incrca.ses  and 
reaches  a  peak  at  approx imaiely  7  Hz.  At  frequencies  higher  titan  7  Hz.  the 
transmissibility  decreases  and  subsequently  is  comparable  to  that  of  the  passive  system. 
For  simplicity,  only  the  transmissibility  for  the  com|iosiie  control  strategy  C  is  shown  in 
Fig.  2. 

Based  on  the  results  shown  in  F-'ig.  2,  it  can  be  said  that  from  tiie  vibration 
isolation  point  of  viev',  the  control  strategy  B  for  ride  comfort  is  superior  to  all  others. 
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Finurc  4  A  ''.onipuriMiti  oi  ihc  su!>|x:ti!iion  travel  raiiits  for  d'Jfeient  i.oiurol 
sirutcuies  bu.scd  on  sir.iiiluiioii  rcsul's 


Tlic  .sinitegics  uciii^ncd  iur  iniproviiig  road  holding,  as  well  us  the  coinjvtsite  control 
strategics  studied,  are  unable  to  provide  the  same  level  of  vibration  isolation  as  the 
strategy  sjxjcifically  designed  tor  improving  rule  coinfor;,  such  as  the  ctniirol  strategv  i-i 
for  ride  comfort.  This  is  due  to  the  fact  that  for  the  suspension  to  exert  lorce  (i.c  the 
adjustable  damping  force  in  a  semi-activc  sysiciii)  to  control  the  noniwl  force  be'ween 
the  tire  and  the  ground,  this  control  fon.:e  must  be  reacted  against  she  spt\.ng  m  ss.  hence 
increasing  the  force  applietl  to  the  sprung  mass  ti.e.,  vehicle  Inidy)  an  .  causing  a 
deterioration  in  the  vibration  isolation  characteristics. 

3,2  Road  Holding 

Figure  3  shows  Uic  dynamic  tire  dcncclion  ratio,  which  is  the  ratio  of  the  rots 
value  of  dynamic  tire  deflection  to  that  of  the  road  profile,  for  semi  active  susjrcnsions 
with  the  various  control  strategies  described  previously,  l-or  t  ■  mipari.son,  the  dynanne  tire 
deflection  ratio  for  the  conventional  passive  system  with  ilamping  riuio  ot  (V3  is  also 
shown  in  Fig.  3. 

From  Fig.  3,  it  can  be  seen  dial  the  semi-aciive  suspension  with  the  cont’-ol 
strategy  B  for  road  holding  outixirfomts  till  others  over  a  wide  range  of  frequency. 
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although  it  has  slightly  higher  dynranic  the  deflection  ratio  than  the  conventional  passive 
system  aiid  the  suspension  with  the  comprtsite  control  strategy  C  at  frequencies  higher 
than  the  natural  frequency  of  the  unsprung  mass  it  should  be  noted  that  with  the 
composite  control  strategy  C.  the  dynamic  tire  deflection  ratio  rises  rapidly  at  a  freriucncy 
of  6  Hz,  where  the  maximum  clamping  ratio  of  1.0  is  in  effect.  The  dynamic  tire 
deflection  ratio  reaches  a  peak  at  apprcximatcly  7  Hz,  and  lieyond  that  it  decreases.  This 
is  similar  to  the  variation  of  the  tran.smissibiiity  with  frequency  for  the  composite  control 
strategy  C  shown  in  Fig.  2.  It  should  be  pointed  out  that  with  the  composite  control 
strategy  C.  the  dynamic  tire  deflection  ratio  is  the  lowest  at  frequencies  higher  than  the 
natural  fiequency  cf  the  unsnmng  nruss. 

Figure  4  ‘'hows  the  suspension  travel  ratios,  which  is  the  ratio  of  the  niis  value  of 
the  relative  displacement  between  the  sprung  and  unsprung  mass  to  iliai  of  the  gnmnd 
profile,  for  various  control  strategics,  it  can  be  seen  that  over  a  wide  range  of  frequency, 
all  conuol  strategies  perform  iii  a  sin-'lir  way.  However,  from  a  frequency  just  liclow 
tlic  natural  frequency  of  the  unsprung  mass  (i.c..  approKimaicly  6  H/)  onward,  the 
composite  control  strategy  C  outperl'onns  all  others  examined. 

comparison  of  the  peifl  rmanccs  cf  various  conuol  strategics  with  sinustiidal 
excitaiioiis  at  vari()us  frequencies,  ubteined  using  computer  simulation  techniques,  is 
sumivari/cd  in  fable  1. 

Tabic  1:  flomparison  of  Simulated  f'crfomtatice.s  with  Vanou.s  ('ontrol  Siiategies  at 
l  our  Disvaic  Frequencies 
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Fijiwrc  5  Sk;hi;in;uii:  of  the  liK  thud  dani|KM  used  in  the  cx|iciiiik‘ius 

4.  Kx|H:rinH-n(ai  Study  of  Various  OuiiCrol  Struivcirs 

'I'lic  various  control  stratetties  tor  the  senii  live  susiiension  were  studied 
exiieriineiitally  iisiiiy,  a  quarter  ear  iiuKlei  test  tacilii  with  an  eleeirorlieuloyieal  (liR) 
dani|H:r.  Ilie  nnxlel  has  a  spruiq;  mass  ol  44.2  kg,  an  uns|iiuii};  mass  ol  5.2  kji,  the 
stilTness  of  the  sprint;  reprcseiitiiit;  the  susjieosion  is  2,K4ii  kN/m,  and  ilie  stillness  ot  the 
s|)riin;  ivpreseniint;  the  tire  is  24. .S  kN/m.  The  Iil<  damper  u.sed  in  the  ex|K‘rinieiiial  study 
is  shown  in  i-’ig.  S.  The  exeitaiion  is  trom  an  eeeeiurie  earn  with  an  amplitude  ol  7..S 
mm,  whieti  is  driven  hy  a  vaiiahle  speed  motor.  The  MR  Hind  used  is  a  mixture  of 
silicone  base  oil  and  starch  "AnalaR".  supplied  by  IJDll  Inc.  ami  with  a  mass  ratio  of  ? 
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Kitin'  6  VaiialiDii  (if  ihc  shear  laiio  wiih  ihc  slioar  rale  Uii  ihe  1\U  Hiiul  used  in 
the  cxiierinients 


U)  1.  The  rheological  proiienies  of  the  liK  lliiid  were  iiieasiiivd  using  a  C'ouettc 
rheoiiteter  (i.e.,  concentric  cylinders),  with  an  inside  diameter  ol  I)  US  in  lor  the  stator 
and  an  outside  diaineiei  ol  (1.1  'V  ni  for  the  rotor.  The  rotor  is  driven  by  a  variable  speed 
motor  and  the  stator  is  restrained  by  a  torque  cell.  The  fluid  shear  stress  is  derived  from 
the  readings  of  the  torque  cell  I  igiia'  (»  shows  the  variation  ol  shear  stress  at  zero 
electrical  field  strength,  as  well  as  that  of  the  shear  ratio  Uu  the  liK  fluid  at  three 
elecirical  field  strengths  of  1,  2  ad  .1  kV/mm,  as  a  lunction  ot  shear  rate  at  a  tem|xrruiuie 
of  4()‘'('.  Shear  ratio  is  the  ratio  ol  the  shear  slicss  deve!o|ied  at  a  given  electrical  field 
strength  across  the  fluid  to  that  at  zero  electrical  field  strength  It  cun  lx:  seen  that  as  the 
shear  rate  increases  the  shear  ratio  decreases.  This  will  have  signdicani  influence  on  the 
chaiacicrisiics  of  tlie  ills  danip/cr.  jiarticularly  at  high  frequency  ol  e\ciiaiu.>n.  which  will 
fx:  discussed  further  later. 

.Since  the  relative  displacement  Ixiiween  the  sprung  and  unsprung  mass  and  that 
between  the  unsprung  mass  and  ground  input  weic  used  as  control  paranu'.ters  in  some 
of  the  control  sU'aiegies  examined,  linear  poieniiomeiers  were  iirslalled  to  monitor  these 
elisplacenients.  In  some  control  strategies,  the  relative  vclix.'ity  heiween  the  sprung  and 
unspning  mass  was  also  used  as  a  control  paranx;ter.  In  diis  ca.se.  an  analog  diflerentiatoi 
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FREQUENCE'  (Hz) 

Hgure  7  A  comparison  of  the  measured  iransraissioilities  for  differeui 
control  strategies 

was  used  to  differentiate  the  relative  displacement  and  to  obtain  the  relative  velocity. 

Figure  7  shows  the  transmissibilities  for  variojs  control  strategies,  measured  using 
the  quarter-car  model  test  rig  with  the  ER  damper  described  previously.  For  comparison, 
the  munsmissibilitics  of  the  system  with  the  ER  dani|rer  at  fixed  electrical  field  su-engths 
of  0  and  3  kV/mm  are  also  shown.  As  noted  previously,  the  shear  su'css  developed  by 
the  ER  fluid  at  a  given  electrical  field  strength  is  a  function  of  shear  rate,  which  is  related 
to  the  frequency  of  exciuttion.  As  a  result,  for  a  fixed  clecu’ical  field  strength,  the 
equivalent  viscous  damping  ratio  for  the  ER  damptir  varies  with  frequency.  Figure  8 
shows  the  variation  of  the  equivalent  damping  ratio  with  frequency  of  excitation  at 
eiccU'ical  field  strengths  of  0  and  3  kV/mm.  This  is  obtained  by  comparing  the  curves 
shown  in  Fig.  7  at  0  and  3  kV/mm  with  those  for  a  system  with  a  viscous  damper  having 
various  damping  ratios.  It  can  be  seen  from  Fig.  8  that  at  0  kV/mm  without  any  ER 
effect,  the  damping  ratio  varies  in  a  tiarrow  rangt:  over  a  wide  range  of  frequency. 
However,  at  3  kV/mm,  the  damping  ratio  varies  significantly  with  frequency.  At 
frequencies  up  to  2  Hz,  the  equivalent  damping  ratio  for  the  ER  dami^cr  is  a  constant  of 
approximately  l.S.  Beyond  that  the  equivalent  damping  ratio  decreases  rapidly.  At 
frequencies  higher  than  10  Hz,  the  equivalent  damping  ratio  decreases  to  approximately 
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Figure  8  Variations  of  the  equivalent  damping  ratio  with  frequency  for  the  ER 
fluid  damper  tested 

0.2.  This  means  that  at  higher  frequencies,  even  though  a  high  electrical  field  is  u|tplied 
to  tlic  ER  fluid  in  tltc  damper,  the  damping  force  generated  is  close  to  tliai  at  zero 
electrical  field  strength.  Tltis  is  primarily  due  to  the  phenomenon  shown  in  Figs.  6  and 
8,  which  indicates  that  the  ER  effect  diminishes  with  the  increase  in  shear  rate.  Ba.scd 
on  the  data  shown  in  Fig.  8  atid  the  sprung  mass  and  suspension  spring  stiffness  of  the 
quarter-car  model  test  rig,  die  damping  coefficient  of  die  ER  damper  at  frequency  below 
2  Hz  is  estimated  to  1135  N-s/m  and  that  at  frequency  of  10  Hz  is  approniniately  213 
N-s/m.  For  this  reason,  the  transmissibilities  for  the  passive  system  with  electrical  field 
strengths  of  0  and  3  kV/mm  and  for  the  systems  with  various  control  strategies  are  very 
close  at  frequencies  higher  than  10  Hz.  Furthermore,  at  high  frequencies  (such  as  12  Hz), 
the  duration  that  the  control  voltage  is  applied  to  the  fluid  in  the  ER  damper  is  very  short, 
as  shown  in  Fig.  9.  Consequentlv.  it  is  unable  to  change  the  mechanical  proirerties  of  the 
fluid  as  intended,  and  the  behaviour  of  the  .semi-active  system  is  essentially  the  same  as 
that  of  a  passive  system  as  shown  in  Fig.  10.  On  the  other  hand,  at  low  frequencies,  the 
duration  that  the  control  voltage  is  applied  to  the  fluid  in  the  ER  damper  is  sufficiently 
long,  as  shown  in  Fig.  1 1,  so  that  the  intended  change  in  the  mechanical  pro[)eriies  of  the 
ER  fluid  can  be  realized.  As  a  result,  the  potential  benefits  of  die  scmi-aclive  system  can 
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Figure  0  Voltage  applied  to  the  liR  fluid  damper  for  the  ride  comfort  control 
strategy  B  at  12  IIz 
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Figure  10  A  comparison  of  the  measured  sprung  mass  acceleration  before  and 
after  tile  activation  of  the  ride  comfort  control  strategy  B  at  1 2  Hz 


be  achieved,  as  shown  in  Fig.  12.  It  should  be  pointed  out  that  the  voltage  applied  to  the 
ER  damper  and  the  acceleration  response  of  die  sprung  mass  shown  in  Figs.  9-12  were 
measured  simultaneously.  Figure  1 3  shows  the  measured  dynamic  tire  deflection  ratio  as 
a  function  of  frequency  of  excitation  for  various  control  strategics.  It  can  be  seen  that  at 
frequencies  around  the  sprung  mass  natural  frequency,  the  dynamic  tire  deflection  ratio 
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Figure  11  Voltage  applied  to  the  ER  fluid  damper  for  the  ride  comfort 
control  strategy  B  at  1.2  Ilz 


Figure  12  A  comparison  of  the  measured  sprung  mass  acceleration  before  and 
after  die  activation  of  the  ride  comfort  control  strategy  B  at  1.2  Hz 


of  the  passive  system  with  no  voltage  applied  to  the  damper  is  the  highest.  At  frequencies 
around  the  unsprung  mass  natural  frequency,  the  passive  system  with  an  applied  voltage 
of  3  kV/mm  has  the  lowest  dynamic  tire  deflection  ratio.  All  other  control  strategies 
perform  in  a  similar  way.  They  perform  better  than  the  passive  system  at  0  kV/mm  at  low 
frequencies  but  are  worse  than  the  passive  system  with  3  kV/mm  at  tiie  higli  frequency 
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Figure  13  A  comparison  of  the  measured  dynamic  tire  deflection  ratios  for 
different  control  suategies 


range  around  the  unsprung  mass  natural  frequency.  Within  the  frequency  range  between 
1.5  to  6  Hz.  their  perfctmance  is  better  than  that  of  the  pas.sive  system  at  3  kV/mm  but 
worse  than  that  of  the  pas.'ive  system  at  0  kV/inm.  At  frequencies  beyond  the  natural 
frequency  of  the  unsprung  ma.ss,  they  behave  like  the  pas.sive  system  at  0  kV/mni. 

A  comparison  of  the  measured  performances  of  a  semi-active  suspension  with  an 
ER  fluid  damper  and  various  control  strategies,  obtained  using  a  quarter-car  model  test 
rig,  is  shown  in  Tabic  2. 

5.  Closing  Remarks 

i.  The  basic  req  lirenient  for  a  suspension  system  is  to  provide  adequate  ride 
comfort  and  road  liolding  for  a  given  suspension  uavel.  Various  control  strategics  for 
semi-act'  o  susjiension  to  achieve  improved  ride  comfort  and/or  road  holding  were 
investiraced. 

Simulation  results  show  that  the  strategies  designed  for  enhancing  ride  comfort  do 
not  necessarily  provide  improved  road  holding  chaiacieristics,  and  vice  versa.  Tfiis  is 
primari'y  due  to  the  fact  that  for  the  susTen.sion  to  exert  force  (i.e.,  the  adjustable 
damping  force  in  a  semi-active  system)  to  co.-troi  the  normal  foicc  between  the  tire  and 
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ihe  ground,  this  control  force  must  react  against  the  sprung  mass.  This  increases  the  force 
applied  to  the  sprung  mass  (i.e.,  the  vehicle  body)  and  causes  a  deterioration  in  ride 
comfort.  Consequently,  a  suitable  composite  control  strategy  to  accommodate  the 
requirement  of  improving  both  the  ride  comfort  and  the  road  holding  is  required. 

2,  The  performance  of  a  semi-active  suspension  system  with  an  electrorheological 
fluid  damper  and  having  various  control  strategies  was  measured  using  a  quarter-car 
model  test  tig. 

It  is  found  tliat  the  damping  characteristics  of  the  ER  fluid  damper  used  in  the 
study  depend  not  only  on  the  electrical  field  strength  but  also  on  the  frequency  of 
excitation.  For  the  ER  fluid  u.sed,  the  equivalent  damping  ratio  decreases  significantly 
with  the  inciease  in  the  frequency  of  excitation.  Tltis  is  primarily  due  to  the  fact  that  the 

Table  2:  Comparison  of  Measured  Performance  with  Various  Control  Strategies  at 
Four  Discrete  Frequencies 


Perfortnance 

para.metcr 

Cotitrol  strategy 

Frequency,  Hz 

1.2 

5 

10 

14 

Transmissibility 

passive,  0  kV/mm 

5.68 

0.08 

0.14 

0.02 

passive,  3  kV/mm 

1.16 

0.23 

0.20 

0.04 

ride  comfort  (B) 

1.41 

0.07 

0.11 

0.02 

road  holding  (B) 

1.42 

0.08 

0.14 

0.02 

composite  (C) 

1.41 

0.07 

0.14 

0.03 

Dynamic  tire 
deflection  ratio 

passive,  0  kV/mm 

0.60 

0.35 

2.92 

1.57 

passive,  3  kV/mm 

0.14 

0.48 

1.90 

1.03 

ride  comfort  (B) 

0.19 

0.38 

2.91 

1.60 

road  holding  (B) 

0.16 

0.35 

2.70 

1.62 

composite  (C) 

0.19 

0.38 

2.87 

1.46 

Suspension 
travel  ratio 

passive,  0  kV/mm 

4.76 

1.27 

2.02 

0.48 

passive,  3  kV/mm 

0.32 

1.32 

!  66 

1.20 

ride  comfort  (B) 

1.11 

1.29 

2.00 

0.49 

road  holding  (B) 

l.fX) 

1.28 

1.92 

0.45 

composite  (C) 

l.li 

1.28 

1.92 

0.45 

sheai  ratio  of  the  ER  fluid  used  decreases  with  the  increase  in  the  shear  rate.  Furthermore, 
at  high  frequencies,  the  tiuratioti  of  ilte  applied  voltage  with  any  of  the  control  strategies 
examined  is  very  short.  Consequently,  there  is  little  difference  in  the  measured 


pcrfomiancc  n)  ihc  w.*nii  activ^c  '^uspcnMon  with  difl'crcnl  coiUri>l  viraiL-yics  examined  ('vet 
a  wide  frequency  raiijte  To  achieve  the  iMUcniial  <il  an  I^R  lluid  dam|ier.  im|,rt)veniems 
in  the  mechanical  (>chavi(iur  of  l-.R  fluids  am  a  key  f:»cior. 
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TYiU  paper  deaU  wilii  Ihe  applivalUtiik  ut  elet'UorhCAklugual  fluid  sKHD  iii  ^;u'.k  ab 
hurberv.  TliU  kind  uf  diutk  abaiirbcr  ( l')Ur  hfiuck  uUorber )  d^uiipbig  force  can 

be  coulrulled  cuiuii)uuufd>  uad  <4uk*kly  will)  ekctric  uywU  will  be  used  in  many 
kinik  of  tm'lianlaii  c^{lll'>n>ell(  fur  vibration  cuntiol.  The  typical  Ui’uclure4  uf  the 
ERF  ^huck  abkorber  arc  uiGaiKined.  Hie  rcuulreinenUi  uf  I'nc  EHF  eiupluycd  in  shuck 
abkorberk  are  uiscukkcd.  A  new  kind  uf  Uiuck  ulnuiber  and  ita  cunUvd  syUcm  are 
develui>ed  in  diis  t>at>cr.  The  («kUiig  reaulu  uf  the  ERF  sluK'k  at)burbcr  nre  offered. 


1.  llic  EKF  (Elcctrorhcological  Fluid)  Shock  Absorber 

ERF  and  its  engineering  applications  liavc  gained  more  and  inure  attention  in 
recent  years.  'Hus  is  because  the  viscosity  of  EJtF  cannot  only  be  varied  by  die 
change  ic  voltage  of  an  electric  field,  but  also  be  continuously  and  reversibly 
controlled.  Furtlicrinore  it  is  highly  respon.sive.  Tlius  ERF  can  be  used  to  solve  some 
difficult  engineering  applications. 

So  far,  ERF  usage  has  been  proposed  in  shock  absorbers,  clutches,  engine 
mounts,  liquid  fuel,  automatic  control  devices  and  brakes  as  well  as  for  ''arious 
applications  in  the  aviation  industry,  etc.'.  Among  tliosc  the  most  prospective 
applications  arc  in  shock  absorbers  and  clutches.  This  paper  deals  with  the  application 
of  ERF  in  sliock  absorbers,  that  is  the  ERF  shock  absorber. 

Tlic  traditional  shock  absorber  whose  damping  force  is  generated  by  throttle 


prcisu'-e  ii)  ixt'sivi.  iiciixg  v4tfi«l  by  (he  change  in  area  of  Uic  orifice,  {Jie  damping 
force  can  not  be  controiloi  sn«xix.hly  aixf  precisely  ov.rr  %  ^ide  range  ot  velocities. 

So  only  when  the  road  conditions  clinnge  rortarkaol,  ,  nta>  the  sliuck  absorber 
offer  different  forces  to  riKet  the  demands  of  cotr.fort  an.d  safety.  Wliik  tiie  damping 
force  of  tlie  EKl‘' shock  absorber  is  uctivey  cant/olJed  by  a  control  .sy.vicm.  through 
exact  sensing  o',  the  roid  condjtioiis  and  the  cctninuou..  choitge  in  the  viscosity  of  tite 
fluid  the  damping  force  of  the  I£KK  shuck  absortxtr  can  he  guickiy  arid  smoothly 
controlled  to  realize  the  optinuti  cooperation  between  .thuck  absorber  and  elastic  el¬ 
ement. 

Compared  with  the  troditiorud  hydraulic  sliock  absorber,  the  ER!'  siiock  al>- 
sorber  can  more  properly  meet  the  dcina'ids  of  coinfoit  and  safety.  Therefore,  the 
ERr  shock  absorber  is  an  important  development  in  tire  evolution  of  sJK«;k  aiisorlter 
design. 

2.  Typical  Structures  of  the  ERF  Shock  Absorber 

The  history  of  the  ERJ*'  shook  ab>orber  is  very  .short,  so  the  research  work  Is  still 
in  the  exploratory  stage,  in  general.  ERl-'  sltoch  ab8.)rbcrs  can  be  divided  into  the 
following  typical  structures  i  a  structure  with  fixed  electrode  piate-s  and  a  .structure 
with  eliding  electrode  platesh  See  Fig.  5 . 

Different  structures  hnve  different  advantages.  Usually  a  by  —  pas.s  line  is  in¬ 
stalled  inside  the  ERF  shock  absorber  with  fixed  plates  and  the  electrode  plates  arc 
located  in  the  by  —  pass  line.  When  the  piston  moves  reciprocally  in  the  clrarnbcr , 
ERi''  flows  between  thi  'ipper  and  the  lower  chambers  through  the  electrode  plates. 
Tire  viscosity  of  die  ERF  can  tx^  varied  by  changing  the  differential  voltage  between 
two  electrode  plate.s  to  adapt  the  damping  force  to  road  conditions.  Wltli  large 
electrode  plates  and  a  long  flow  passage ,  this  kind  of  structure  has  a  high  reliability. 
However,  because  of  the  by—pass  Une,  the  dimension  of  the  shock  absorber  is  in- 
crca.scd  and  witit  nrany  electrode  plates  heat  dissipation  is  decreased. 

in  the  structure  with  .sliding  plates,  generally,  one  of  the  plates  is  installed  in 
tlie  piston.  'Ihus  tlic  plate  and  the  piston  move  together.  ERF  flows  between  tlie  up¬ 
per  and  the  lower  cliambers  tlirough  the  orifices  in  the  piston.  ^Hiis  kind  of  structure 
is  compact  and  effectively  dissipates  httot.  But,  due  to  tlie  restriction  of  stroke 
length,  the  axial  dimension  of  the  piston  is  limited,  thus  the  area  of  tlie  electrode 
plates  can  not  be  large  enough  to  meet  the  demands  of  high  damping. 

Practically ,  tlie  ERF  siiock  absorber  should  be  designed  on  the  basis  of  tlie  tra 
ditional  structure  of  tlie  hydraulic  shock  absorber  with  high  working  reliability.  Thus 
the  ERF  shock  absorber  should  liave  both  high  control  sensitivity  and  higli  working 


a)  sliOinjl  plate  damper  b)  fixed  electrode  valve  damper 
riiiure  i  Tj^pical  structures  of  the  ERF  shock  absorber 
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reliabUity  to  provide  an  adaptable  damping  force  according  to  road  conditions  so  as  to 
meet  the  requirements  of  rider  comfort  and  driving  safety. 

?.  Problems  in  the  Structural  LXjsign  of  the  ERF  Shock  Absorber 

As  mentioned  treforc,  tlic  study  of  tlie  ERF  sltock  absorber  still  remains  in  a 
period  of  exploration.  So  more  efforts  should  be  put  fortlr  to  practically  utilize  tlie 
Elt.!''  shock  absorber  in  vciuclcs  to  gain  a  commercial  profit,  'lire  main  problems  are 
as  follows  I 

3.  1.  mcclrw  Field 

lire  EKF  slrock  aluorber  needs  a  very  high  voltage  differential  to  make  tire 
viscosity  of  the  ERi'  cturngc  dranutically  iir  a  very  sliort  period  of  tinre.  llic  external 
dinrensions  of  tlie  shuck  absorber  is  limited,  so  tlie  tqmcc  for  tJie  electrode  plates  is 
also  limited,  ilut  the  EKl'  sliock  absorber  demands  that  tire  area  of  tire  electrode  plates 
tx.'  large  enuugti  to  guarantee  the  rerjuirod  increase  in  the  viscosity  of  the  ERb'.  hr 
addition .  the  gap  between  tire  plates  must  also  be  cuivsidcred.  Obviously  a  large  gap 
will  lead  to  a  decrease  Irr  tire  strengtlr  of  tire  electric  field  witlr  a  fixed  voltage  and  in 
crease  tire  exterrroi  dinteirsion  of  tire  shuck  absorber.  A  very  siruill  gap  Iras  tire  dattger 
of  rcsuitiirg  in  tire  failure  of  tire  electric  field  when  a  tiigjr  voltage  Is  applicsl. 
Additiuirally ,  tire  problem  of  electrical  iirsulatlorr  should  be  cunsidiTcd. 

3.  2.  Heal  DL'MijtiUMi 

First,  at  liiglt  temperatures,  the  saturated  vapor  pressure  of  tlie  liquid  will  be 
decreased,  which  nukes  it  easy  f(.>r  emulsification  to  occur.  Espi'crully  in  tire  rebound 
cycle  of  .slruck  atisorber,  higir  (emperatures  and  negative  pre.s.'-ure.s  result  in  Uic 
fut'iiuUun  of  vu|)or  bubbles  in  tire  liquid.  'Ihouglt  tire  damping  force  oi  tire  ERF 
.slrocU  ubsortrer  Is  adapted  by  changing  the  viscosity  of  tire  UiF.  naturally,  it  is  .still 
an  energy  coasunring  shock  absorber  whose  damping  force  is  generated  by  tire 
pressure  drop  across  tire  orifice.  I'lris  kind  of  slrock  absorber  requires  tire  liquid  to  be 
incompressible.  When  ilrcrc  is  air  itt  tire  liquid,  tire  liquid  becoines  clastic  and  its 
[rerforirunce  is  not  stable.  Ilris  will  negatively  influence  the  generation  of  the 
damping  force.  Serious  emulsification  even  leads  to  the  failure  of  slrock  absorber. 

Secondly,  the  damping  force  of  the  shock  absorber  is  adapted  to  the  road 
coi'diiions  by  dunging  tire  visco.sity  of  the  EliF.  High  temperatures  make  the 
viscosity  of  the  EliF  decrease.  Tlrus  in  spite  of  a  high  voltage  application ,  it  would 
not  be  easy  for  the  shock  absorber  to  provide  a  higli  damping  force.  In  addition , 
vapor  bubbles  generated  by  the  cmulsificaEon  of  tire  Liquid  at  Itigh  temperatures 
would  lead  to  the  electric  field  failing  and  make  tire  damping  force  decrease  un¬ 
expectedly.  Tlius ,  a  continuous  damping  force  can  not  be  guaranteed. 
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Therefore,  heat  dissipation  in  the  structural  design  of  tlie  ERF  shock  absorber  in 
order  to  protect  the  sitock  absorber  from  failing  to  work  in  a  high  temperature 
environment  is  a  very  important  problem  for  the  researcher  to  solve. 

3.  3.  R/>ipiirM}wntti  of  KRF 

ERF  characteristics  are  important  factors  in  its  application  in  shock  absorbers. 
Without  a  high  quality  ERF,  the  ERF  shock  absorber  can  never  provide  an  im¬ 
mediate  and  .suitable  damping  force.  For  the  ERF  shock  absorber  application ,  a  high 
quality  ERF  should  meet  the  following  requirements  ■ 

A.  Viscosity  1 

Viscosity  is  an  important  performance  characteristic  of  ERF.  Generally,  the 
original  viscosity  of  the  ERF,  that  is,  the  viscosity  of  the  ERF  witliout  an  electric 
field  being  applied  should  be  low.  When  the  electric  field  is  applied,  tlte  viscosity  of 
die  ERF'  .should  dramatically  increase  with  the  Lnerease  in  field  strcngdi  so  tliat  tJtc 
siiock  absorb'tr  can  provide  the  required  damping  force.  When  the  electric  field  is 
reduced  or  turned  oft, die  viscoj-ity  of  die  ERl-  sliould  decrease  shrmltaneously.  Tlius 
goixl  repeatability  and  high  response  seasitivity  of  die  ERl-'  arc  required  to  guarantee 
that  the  shock  absorber  will  provide  a  suitable  damping  force  in  its  practical  working 
process. 

U.  Hicrmal  Stability 

menUoned  in  the  above  discussion  of  heat  di.ssipation ,  tlic  ERF'  sliould  have 
good  tlicrmal  stability,  diat  is,  die  viscosity  of  the  liquid  should  cliangc  litdc  even  at 
lugji  temperature,).  In  reality  a  -sliock  absorber  often  works  in  a  high  temperature 
environment.  Ilicrefurc,  besides  coasidering  heat  dissipation  in  die  structural  design 
'if  die  ERi'  shock  absorber,  die  tiigli  thermal  stabiluy  of  die  EIG'  should  also  be  taken 
into  account  in  order  dial  the  shock  absorber  will  provide  enough  of  a  damping  force 
at  high  temperatures. 

C.  Critical  Voltage 

Tlie  viscosity  of  die  ERI-  does  not  always  increase  with  a  strengthening  of  tlio 
electric  field.  Actually,  there  is  a  critical  voltage.  When  the  voltage  of  die  electric 
field  i.s  higher  dian  die  critical  voltage,  die  viscosity  of  the  ERF  will  no  longer  in¬ 
crease  with  a  strcngUicning  of  the  electric  field,  li  is  even  fx^sibls  for  the  viscosity  to 
decrease  with  an  increase  of  the  electric  field  strength.  Therefore ,  the  cridcal  voltage 
of  the  ERF  sliould  be  much  higher  than  the  maximum  \  ollagc  of  the  electric  field  so 
that  the  Eh  F  always  works  in  the  safe  voltage  range.  Tiiis  will  guarantee  that  die 
EliF  shock  absorber  provides  enougli  of  a  damping  force. 

D.  Dielectric  Performance 

Generally,  die  ERF  is  required  to  have  high  dielectric  strength.  But  for  the 
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ERF  employed  in  shock  absorbers,  that  requirement  is  not  essential.  A.s  mentioned 
before ,  when  the  sliock  absorber  works  the  fluid  flows  very  fast  between  tlie  upper 
and  lower  chambers,  which  will  probably  leads  to  the  occurrence  of  vapor  bubbles. 
With  the  bubbles  which  con  not  bear  high  voltage  the  failure  of  electric  field  which 
makes  the  damping  force  decrease  remarkably  ic  easy  to  occur.  However .  if  there  ore 
electric  particles  In  the  ERF,  the  current  can  flow  through  the  electric  particles. 
Then  high  voltage  cun  be  applied  on  the  ERF  without  leadi.’'ig  to  the  failure  of  electric 
field.  Tliereforc,  tire  slrock  absorber  can  provide  a  continuous  damping  force.  That  is 
tlie  special  requirement  of  the  ERF  for  shock  absorbers. 

E.  Other  Requirements 

Besides  oil  oi  the  above  mentioned  requirements,  the  ERF  is  required  to  Irave 
high  flowubility  ,  wearing  capacity  and  to  be  absent  of  electrophoresis. 

3.  4.  Coitirol  iSy/tteid  of  tite  ERF  Shock  Absorber 

Compared  with  the  traditional  shock  absorber,  the  ERF  shock  absorber  has  the 
advantage  of  being  able  to  adapt  Its  damping  force  according  to  different  rood 
conditions  to  meet  the  demands  of  comfort  and  safety.  Road  conditions  change  fast, 
so  the  damping  force  provided  by  the  rhock  absorber  should  also  change  fast.  Ihus , 
tlie  ERF  shock  absorber  should  have  hlgli  control  sensitivity.  The  control  circuit  of 
the  shock  absorber  should  consist  of  the  following  parts  i  (Sec  figure  2.  ) 

A.  Sensors 

Sensors  collect  the  information  of  rider  comfort  and  driving  safety  in  different 
road  conditions  (such  os  velocity,  displacement  or  acceleration)  and  transfer  the  in¬ 
formation  to  the  control  unit. 

B.  Control  Unit 

In  accordance  with  sensor  information,  the  conhol  unit  determines  the  mag¬ 
nitude  of  the  voltage  to  be  applied  to  the  electrodes  and  transmits  a  signal  to  the  var¬ 
iable  voltage  power  supply. 

C.  Variable  Voltage  Power  Supply 

According  to  the  signal  from  the  contre*  unit,  the  power  supply  applies  the 
required  voltage  to  the  electrode  plates. 

D.  The  ERF  Shock  Absorber 

The  ERF  shock  absorber  provides  a  damping  force  corresponding  to  the  strength 
of  tlie  electric  field. 

Generally,  the  ER  effect  of  ERF  is  very  fast,  so  the  response  sensitivity  of  the 
whole  system  mainly  depends  on  the  sensitivity  of  other  parts  in  the  control  scheme. 
Therefore,  the  control  system  should  be  as  simple  as  possible  to  reduce  response 
hysteresis  such  that  the  overall  sensitivity  of  the  system  can  be  improved  to  guarantee 
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l-igure  2  Conlrcl  system  of  the  ERF  shccit  abfwfber 


that  the  shock,  absorber  can  provide  optimal  damping  force  under  any  road 
conditions. 

3-  5.  HcLiabUily  and  Durability 

Due  to  different  road  conditions,  a  shock  absorber  has  to  wo'’k  in  obviously 
different  circunvstanocs.  So  tiic  structure  of  tire  LRi'  shock  absorber  sliould  be 
designed  on  the  basis  of  the  structure  of  the  traditional  hydraulic  shtx;k  absorber 
which  is  reliable  and  durable.  Thus  the  ERl'  sli(x:k  absorber  can  liave  not  only  higli 
control  sensitivity  but  also  as  high  a  reliability  as  tire  hydraulic  sltock  a'ONorber  and  be 
durable. 

3.  G.  rS’po/  Dcaigii 

Seal  design  is  al.so  an  important  problem  which  mu.st  be  taken  into  account  in  tlie 
structural  design  of  >he  HRF  shock  absorber. 

4.  Dctiiiled  Structural  Design  of  the  ERF  Sli'jck  Absorber 

A  new  kind  of  structure  based  on  the  traditional  hydraulic  shock  absorber  lias 
been  developed  in  this  pajier.  We  tested  tlie  iJamping  pertornianec  of  Uie  EllF  sltock 
absorber  witii  a  test  bed.  The  tests  sliow  tJiat  damping  force  provided  by  tlie  LKF 
shock  absorber  can  remarkably  change  with  the  application  oi  electric  field.  See 
ligure  3. 

5.  Conclusions 

1  )  Witli  a  controllable  damping  force .  the  ERF  struck  absorber  has  become  an 
linp'jrtant  development  in  shock  absoibffr  design. 

2  )  The  ERF  shock  absorber  realiics  its  oiii-mui  damping  conuol  by  tlie  inetliod  of 
changing  the  viscosity  of  the  LltF  tlimugli  varying  the  strcngtl,  of  the  electric  field  to 
meet  die  re{juir:.incnts  of  safety  arid  comfort. 

3)  The  following  protitcms  .should  be  taken  into  account  in  Uw  rese-uch  of  U,e  EKF 
sliock  absorber  i 

A.  In  sU'UCtural  design,  the  external  dimension  should  be  as  small  as  ixissiblc.  Less 
ERF  .should  be  rerjuired.  The  sti  ucture  sliould  be  compact  to  improve  the  ability  of 
dissipating  heat  aiid  maultnirc  seal  rcliabUity. 

B.  An  ERF  witli  good  pei  formance  duiractcristic  is  an.  important  factoi  for  th<’  ERI' 
shock  absorber  to  provide  suiUabF  dumping.  Therefore,  die  development  of  a  new 
kind  of  ElfF  wtiich  can  meet  the  demands  of  the  ERF  shock  ubsorber  and  has  tugh 
reliability  is  very  irnpoitant. 

C.  Tlie  system  for  controlling  die  ERI*  shock  absorber  sliould  be  simple  la  improve 
tlie  response  speed  so  that  the  ERF  shock  absorber  provide  a  suitable  damping 
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force  immediately  according  to  road  conditions. 

D.  The  software  for  controlling  the  liRF  shock  absorber  sliculd  be  developed. 
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ABSTRACT 

A  v>;ry  pau  of  any  UR  fluids  based  system  is  (lie  provision  of  excitation;  tins  is 

particularly  so  since  Uie  electrical  loaii  is  conductive  and  highly  capacitive.  In  tiiis 
environment  the  surge  eturent  ai  switcli  on  is  large  and  there  are  problems  in  dumping 
the  charge  to  effect  a  laimi  reduction  of  the  voltage  level. 

Tliis  paper  describes  a  voltage  switch  wliich  when  linked  to  a  steady  state  supply  can  be 
uiad  to  effect  on-off  contro!.  Ihc  aiTangemenl  is  somewhat  an  analogous  to  the  ER 
catch  concept  inson.uch  as  it  switches  one  of  the  ER  controller  electrodes  cither  to  high 
potrntial  or  to  eatlh  tads,  the  ether  electrode  licing  permanently  connected  to  eardi  (just 
.1  ■  .ic  ca.cli  A'iar.hos  to  a  steady  input  motion  or  a  brake!.  If  the  supply  has  a  low  output 
imped.ancc  then  the  excitation  can  be  rapidly  slewed  m  both  ongoing  and  offgoing 
directions 

The  circuit  atid  it.s  o[wt3tiou  is  ricscribed  in  detail  .and  brief  jwrlbniiancc  ciiaractci  istics 
arc  sliown  fci  the  switch  when  coiinccled  to  ,i  typical,  coinemporary  lilt  device 

1.  Intruducfiun 

This  paper  describes  tir.  on/olT  swtlcii  to  eouiiol  tlie  su[ipiy  of  HT  to  an  HR 
device.  The  switch  offers  a  low  impedance  to  HT  when  on  aisd  a  a  iovv  impedance  short 
circuit  across  the  ER  device  wlten  off,  thus  rapidly  discharging  me  cap.'tcitance  associated 
wi'ii  tile  ER  device. 


asir"'' 


Figure  1.  A  block  diagram  of  (he  switch.  The  EHT  supply  is  connccied  between  the 
lei'inii'.als  indicated  and  the  load  is  connected  between  the  output  node  and  either  EHT+ 
or  EHT-  as  required.  Any  one  of  the  three  terminals  EMT+,  EHT-  and  OUTPUT  may  be 
^  onnected  to  earth  providing  that  the  EHT  supply  is  capable  of  operating  with  whatever 
earth  scheme  is  chosen. 
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The  lack  of  availability  of  suitably  controllable  high  tension  supplies  for  ER 
application  research  has  inhibited  the  exploitation  of  the  fast  response  time  of  ER  fluids. 
'Hiere  exist  a  munber  of  applications  where  a  switch  is  an  attractive  drive  possibility. 
Typical  of  tlt“:se  applications  is  the  higlt  speed  clutch  [1]  where  rapid  switching 
overcomes  hysteretic  problems.  In  a  valve  application  the  speed  of  response  from  zero  to 
maximum  voltage  is  equally  important,  in  this  case  to  activate  a  fail  safe,  stiffening 
damper.  A  multi  ER  head  machine  such  as  a  coil  winder  bank,  would  benefit  from  the 
provision  of  common  HT  rail  with  individual  control  switches. 

The  present  work  was  directed  towards  the  provision  of  a  laboratory  standard 
switch  i.fi.  one  capable  of  working  flexibly  over  a  range  of  programmed  duties.  The 
voltage  supply  is  provided  by  tlie  back  up  steady  state  HT.  unit.  Duration  of  excitation  is 
determined  by  the  input  from  a  signal  generator  or  digital  control  circuit. 

Since  the  electron-hydraulic  time  constant  of  an  ER  device  is  short  (less  than  1 
msec)  and  the  ER  device  is  being  used  mainly  on  account  of  this  factor,  the  HT.  rise  and 
fall  times  need  to  be  a  maximum  of  50  to  100  psec.  This  requires  the  switch  to  have  a 
low  output  impedance  so  that  the  switch  does  not  add  substantially  to  the  time  constant  of 
the  ER  equivalent  circuit  [2]. 

The  switch  described  here  was  designed  to  ope  ate  with  HT  supply  voltages  of  up 
to  4  kV  and  the  circuit  was  designed  to  limit  the  switching  current  at  around  600  mA 
(although  tliis  figure  could  easily  be  increased  if  required).  The  high  voltage  capability 
of  the  switch  frees  the  ER  engineer  (at  least  in  applications  adequately  controlled  by  on- 
off  switches)  from  the  need  to  keep  the  inter-electrode  spacing  narrow.  Wider 
interclectrode  gaps  facilitate  a  reduction  in  the  zero  volts  shear  stress  and  thereby  reduce 
heating  problems. 

2.  The  Switch  Circuit 

2. 1  General  Details 

The  circuit  described  here  is  based  on  compound  transistors  consisting  of  -a 
number  of  high  voltage  power  FETs  in  series.  The  switch  is  formed  by  using  two  such 
compound  transistors,  one  connected  as  a  common  source  switch  and  one  as  a  source 
follower  that  behaves  effectively  as  an  active  load.  The  general  arrangemenl  of  the  circuit 
is  outlined  in  figure  1 . 

The  two  compoiuid  transistors  in  figure  1  arc  identical.  Since  the  drive  for  the  top 
device  must  be  applied  with  respect  to  the  circuit  output  which  will  on  occasions  be  at  a 
potential  close  to  that  of  the  main  high  tension  supply,  the  top  device  must  be  driven  via 
an  opto-isolator  capable  of  with.standing  steady  potential  difference  of  up  to  4kV. 


Effective  Drain  Connection 


30 


Figure  2.  The  circuit  diagram  of  one  of  the  compound  transistors. 
Liach  power  fvlOSFOT  is  protected  by  an  SIOV  zener  diode  between 
drain  and  gate  and  a  1.5  V  zener  diode  between  gate  and  source. 
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In  order  to  achieve  maximum  application  flexibility  and  maintain  complete 
isolation  between  the  control  input  and  the  HT  circuit,  the  bottom  switch  drive,  which 
must  be  with  respect  to  the  negative  end  of  the  HT  supply  is  also  driven  by  an  opto 
isolator.  The  switch  earth  may  thus  be  used  with  either  positive  or  negative  HT  systems. 
The  supplies  V ;  and  V2.  which  provide  the  isolated  side  of  the  opto  isolators  and  the 
input  circuits  of  the  top  and  bottom  compound  transistors  are  derived  from  a  small  d.c.  to 
d.c.  converter  which  is  also  designed  to  offer  d.  c.  isolation  at  potential  dif  fcreisccs  of  up 
to  4kV  between  any  two  of  its  three  windings. 

In  the  following  sections,  the  dements  of  figure  1  are  described  in  detail  and 
results  are  presented  which  demonstrate  the  effectiveness  of  the  circuit  as  an  on  -  off 
drive  for  an  electro-rheological  device. 

2.2  The  Compound  Transistors 

Each  compound  transistor  consists  of  a  chain  of  five  1000V  power  MOSi'ETs,  as 
shown  in  figure  2.  A  critical  requirement  in  this  application  is  the  maintenance  of 
equitable  voltage  sharing  across  each  device.  This  sharing  must  be  effective  during  both 
long  term  (d.c.)  and  short  tcnn  (transient)  events.  The  resistors  R4,  R^,  Rg,  R|o  and  R12 
maintain  long  term  equity  of  sharing  while  the  capacitors  C2,  C3,  C4,  C5  and  C5 
maintain  sharing  equ‘*v  during  transient  events.  The  time  constant  of  each  RC  pair  (for 
example,  R4C2)  in  tins  case  is  680|is  and  this  figure  effectively  marks  the  boundary 
between  what  the  circuit  regards  as  d.  c.  and  what  it  regards  as  transient. 

The  tolerance  of  the  resistors  and  capacitors  used  in  the  sharing  network  has  a 
direct  bearing  on  the  accuracy  of  tlic  sharing  process.  The  tolerance  must  be  sufficiently 
tight  to  ensure  that  no  FEl'  in  the  chain  can  be  subjected  to  either  transient  or  d.  c. 
voltage  levels  that  exceed  its  maximum  drain  source  voltage  specificatiok..  In  tltis  case  the 
maximum  drain-source  voltage  tllat  each  FET  could  tolerate  was  lOOOV  and  with  perfect 
sharing  there  would  be  a  maximum  of  800V  across  each  device  so  the  5%  tolerance  of 
the  resistors  and  capacitors  used  offered  a  comfortable  margin  of  safety.  Tlic  values  of 
the  resistors  and  capacitors  in  tlie  sha'^ing  network  were  chosen  so  that  leakage  currents  at 
the  FET  gate  nodc.s  and  inter-elcctrodc  capacitance  spreads  from  FET  to  FET  had  a 
negligible  effect  on  both  the  long  term  and  the  transient  sharing  behaviour.  With  an 
applied  voltage  of  4kV  across  the  chain  the  power  loiS  in  the  sharing  resistors  is  4.7W. 
The  capacitors  in  the  sharing  chain  do  not  in  tlremsclves  dissipate  energy  but  in  rapid 
switching  applications  the  power  supply  must  provide  the  energy  necessary  to  charge  the 
capacitors.  Since  the  expected  load  capacitance  may  be  as  large  as  lOnF,  and  since  the 
capacitance  of  the  five  sharing  capacitors  in  scries  is  200pF,  most  of  the  energy  required 
for  capacitive  charging  is  used  by  the  load.  As  an  examph,  for  a  IkHz  square  wave  output 
of  OV  to  4kV,  tlie  power  lost  by  the  power  supply  because  of  the  sharing  capacitors  is  1 . 
6W  arid  tliat  lost  because  of  the  load  capacitance  is  SOW.  It  is  worth  noting  that  the  SOW 
lost  to  the  power  supply  is  ultimately  dissipated  in  tlie  FETs  so  adequate  heat  sinking 
must  be  arranged. 
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Figure  3b 


Figure  3.  The  drive  circuit  of  figure  3a  ensures  that  the  switches  are  never  on  together. 
For  each  drive  figure  3b  shows  tliat  the  turn  off  delay  is  much  shorter  than  the  turn  on  delay 
thus  preventing  simultaneous  conduction  in  both  top  and  bottom  switches 
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The  bottom  FET  in  the  chain  controls  tlie  current  that  flows  thiough  the  chain. 
The  arrangement  used  here  gives  the  chain  a  well  defined  iransconductance,  defined  by 
R5.  With  R5  =  lOQ  as  shown,  the  transconductance  of  the  compound  transistor  is  O.IS 
and  the  maximum  current  that  the  chain  can  support  is  approximately  600mA,  a  factor 
of  five  below  tlie  current  carrying  capacity  of  the  FETs.  Although  the  maximum  current 
could  be  increased  if  necessary  by  reducing  R5,  limiting  its  value  also  limits  the  severity 
of  the  damage  to  the  system  that  would  oecur  in  the  event  of  a  transient  short  circuit  at 
the  load  node.  Limiting  the  current  carrying  capacity  of  the  chain  affects  the  available 
slew  rate  when  the  load  is  capacitive.  For  a  worst  case  load  capacitance  of  lOnF  and  a 
maximum  output  current  of  6CO1T1A,  tlie  output  slew  rate  is  60MVs '  ^  leading  to  a  time  to 
cliarge  the  load  to  4kV  of  67p.s.  This  figure  was  considered  adequate  for  the  applications 
of  interest. 

2.3  Drive  Circuit 

A  possibility  that  must  be  avoided  in  circuits  such  as  that  of  figure  1  is  both 
compound  trarisist0''s  being  simultaneously  in  an  "on"  state.  In  this  case  the  possibility  of 
simultaneous  conduction  has  been  avoided  by  introducing  a  small  time  delay  between  the 
turning  off  of  one  device  and  the  turning  on  of  the  other.  The  drive  circuit  is  shown  in 
figure  3a  and  the  relative  timings  of  the  input,  Vj,  and  outputs,  Vqi-  and  V^n  arc  shown  in 
figure  3b,  The  delay  is  generated  by  tlie  resistor-capacitor-diode  combinations  which 
ensure  virtually  no  turn  off  delay  but  introduce  a  turn  on  delay  of  approximately  0.  7RC, 
slSps  in  this  case.  Although  the  resulting  modification  of  drive  pulse  width  may  appear 
inconvenient  from  the  point  of  view  of  pulse  width  modulated  control  applications,  the 
delay  is  constant  and  could  be  compensated  for  with  case  in  a  digitally  based  control 
system. 

2.4  Drive  Isolation  for  the  Compound  Transistors 

In  order  to  control  the  compound  transistors  a  control  voltage  must  be  applied 
between  their  gates  and  their  sources.  To  maintain  isolation  from  the  HT  supply,  the 
drive  signal  is  electrically  isolated  from  all  parts  of  the  system  connected  to  the  HT.  As 
the  purpose  of  this  design  was  on-off  control,  digital  opto-isolators  were  used.  The  choice 
of  opto-isolator  is  not  critical  providing  that; 

a)  it  docs  not  introduce  delays  that  are  significant  compared  to  those  deliberately 
introduced  by  the  drive  circuit  described  in  the  previous  section, 

b)  it  can  isolate  effectively  at  the  maximum  intended  operating  voltage  of  the  circuit 
and 

c)  its  operation  is  not  affected  by  the  large  rates  of  change  of  voltage  across 
the  isolating  medium  that  occur  in  high  voltage  switching  applications. 

The  devices  used  here  could  witlistand  a  steady  input-output  voltage  difference  of 
4kV,  could  tolerate  a  maximum  rate  of  change  of  input-output  voltage  difference  of 
2  X  lO^Vs’'  and  could  operate  at  daia  rates  of  up  to  5MHa. 


+15V  wj.i,  earth 


' — p>l — ' 

1N4148 


-15V(I) 


The  second  isolated  supply  is  identical  to 
the  one  shown.  The  transformer  primary 
and  secondary  windings  consist  of  20-0- 
20  and  25-0-25  turns  respectively  of 
O.Onim  enamelled  wire  wound  on  a 
Philips  FX3740  ferrite  core. 


Figure  4.  The  circuit  diagram  of  the  isolated  power  supply  for  the  compound  transistors 
and  their  associated  opto  isolators.  Only  one  secondary  circuit  is  shown 


Figure  5 


Full  Switching  Cycle 
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It  was  necessary  to  provide  two  isolated  low  voltage  power  supplies  to  power  both 
the  isolated  side  of  the  opto-isolator  and  the  operational  amplifici  in  the  compound 
transistors.  The  isolated  supplies  of  ±15V  were  derived  using  a  simple  forward  converter 
with  a  transfonner  wound  in  such  a  way  as  to  offer  the  required  isolation.  The  isolated 
power  supply  circuit  is  shown  in  figure  4. 

3.  Specimen  Test  Results 

Figure  5  shows  a  full  switcliing  cycle  test  result.  The  CR  load  was  a  concentric 
cylinder  catch  [1],  (60  nun  dia  x  60  mm  long,  0.75  mm  gap  s[)ccd  100  rpm,  fluid  Lipo! 
30/W). 


Details  of  the  initial  charging  spike  arc  not  truly  representativ  e  of  the  event  due  io 
the  finite  sampling  rate  set  on  tlie  data  acquisition  unit.  Current  decay  duration  times 
(after  switching)  depend  on  the  properties  of  tfic  IiR  fluid,  arc  seen  to  be  roughly  the 
same  in  botli  directions  and  will  impose  a  limiting  cycling  rate.  Whilst  the  current 
continues  to  change  the  voltage  supplied  will  cany  on  settling. 

The  result  was  mca.surcd  using  a  unidirectional  drive  polarity.  This  can  be 
changed  say  to  combat  any  diclcctrophorctic  tendencies  in  a  fluid.  In  tliis  event  polarity 
con  be  reversed  on  alternate  excitation  applied  periods,  by  using  two  switch  modules  in 
an  H  bridge  configuratioit.  This  requires  only  one  voltage  supply, 

4,  Uiscussiuns 

The  device  described  in  this  paper  is  primarily  for  cxpcrimcnial  or  prototype  use. 
In  a  production  mode  the  design  v.'uuld  be  influenced  by  the  specific  load  (suffix  L)  size 
and  the  availability  and  price  cconutnics  of  components. 

In  optimising  an  IiR  device  *he  inter  electrode  gap  size  h  and  surface  area  A  may 
be  altered.  For  example,  non  linearities  aside,  the  load  resistance  and  capacitance  vary 
as  R-l  ct  h/A  and  Cl  oc  A/h  respectively.  Hence  the  larger  the  gap  size,  the  greater  V  (to 
maintain  V/h  and  the  electro-stress)  and  the  smaller  Cl-  The  effect  of  such  a  manoeuvre 
would  be  to  steepen  the  voluge  slew  rate  but,  also  to  cause  more  power  to  be  dissipated 
in  the  switch  since  the  stored  energy  in  the  load  capacitance  would  incicasc  linearly  witii 
applied  voltage  (for  constant  F,). 

The  exact  reduction  in  current  i  drawn  will  depend  on  the  linearity  of  tlie  electric 
load,  liiis  will  change  from  fluid  to  fluid.  Nevcrtliclcss  the  current  to  be  switched  will 
fall  as  h  is  increased,  witliout  detriment  to  tlte  pcrfonnance  on  tlie  speed  connection  of  the 
•switch. 
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In  very  general  and  comparative  terms  the  switch  off  performance  is  vastly 
superior  to  that  obtained  when  the  previous  switch  was  used  on  the  same  clutch,  in  that 
instance  employing  an  open  circuit  method  of  removing  drive  -  Fig  6. 

rpm 


Figure  6.  Comparative  figure  for  open  circuit  'switch  off  [  1], 
Decline  of  is  ftx^d  by  inertia  of  rotating  parts. 


5.  Conclusions 

A  circuit  capable  of  rapidly  switching  an  ER  device  both  on  and  off  has  been 
described.  The  slew  rate  with  a  lOnF  load  capacitance  is  60MVs"i  in  both  the  turn  on  and 
tlic  turn  off  directions  and  this  figure  could  be  increased  if  necessary  by  the  simple 
expedient  of  changing  two  resistors.  The  circuit  has  been  shown  to  operate  successfully 
with  an  ER  device  as  a  load  and  is  presently  being  used  to  evaluate  the  effectiveness  of 
pulse  width  modulated  control  strategies  for  ER  devices.  It  is  expected  tliat  further 
developments  will  lead  to  a  circuit  offering  a  linear  input-output  relationship,  thus 
enabling  a  direct  comparison  of  pulse  width  modulated  and  propor'ional  control 
strategics. 
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AUSIRACT 

I'liu  work  ru|Kii1c(l,  in  cot^junciiim  with  part  It,  forms  an  early  step  in  tlic  tlevclopiiiuiit  iil 
controllahic  and  fast  rcsiKUidintt  eleetio-thuologicul  (liK)  fluid  hearint;s.  I  hu  piuctiail 
Iruliaviour  of  an  unuacited  liK  fluid  under  conditions  of  cumbitied  ('onelte  and  Poiseuiliu 
How.  a  uonihination  of  sliear  mode  flow  and  valve  imulc  flow  in  elTeet,  is  investigated,  fty 
comparison  lietwcen  theoretical  predictions  and  cx|icrimental  ineasuiejnents  of  the  .steady 
stale  hydrodynamic  pre.ssuru  generated  using  EK  fluid  if  is  shown  ihai.  for  the  conditions 
uxamined,  a  liearing  How  can  be  considered  on  tlie  basis  of  a  continuum  analysis, 

1.  Nuineiicluturc 

B  Bingliani  number 

C,i  constant.s  of  integration 

h  .step  lieiglit  of  bearing 

/,  length  to  pressure  tapping 

arc  length  to  pres.surc  tapping 
p  pressure 

P  dimensionless  pressure  gradient 

<1  volume  rate  of  flow  (x;r  unit  width 

r  radius 

Wg.Wl,  inner  atid  outer  radius  of  bearing 

u  linear  velocity  of  fluid 

U  linear  velocity  of  moving  surface 

w  bearing  width 

7  shear  rate 

n  Newtonian  viscosity 

t/p  plastic  viscosity 

O  absolute  temperature 

T  shear  stress 


I 
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yield  shear  stress 

u)  angular  velocity  of  fluid 

fl  angular  velocity  of  moving  surface 

B  and  P  are  defined  by 

B  =  IlA  p  (1) 

for  flow  between  flat  plaies  and 

£  =  IlJl.  p  (2) 

for  flow  between  concentric  cylinders. 

2.  Introduction 

The  growing  number  of  ixitential  ai)plicalion.s  for  electro-rheological  (liR)  fluids' 
establishes  the  need  to  investigate  the  fundamental  properties  of  such  a  fluid.  Of 
particular  importance  is  how  to  design  with  an  12K  fluid.  I^hysically  the  fluid  is  a  two- 
phase  mixture,  however,  the  use  of  a  continuum  assumption  fur  the  Tuid  to  provide  at 
least  approximations  to  its  in-service  behaviour  would  be  useful  in  engineering  design. 

The  present  paper  is  the  forerunner,  perhaps,  of  a  conclusive  step  in  establishing  the 
continuum  principle  for  excited  ER  fluids  in  shear  ffows  with  pre.'isure  gradients. 

Previous  experimental  work  employing  ER  fluids  has  focused  prineipally  on 
circumsiances  of  either  purely  Couelte  flow  or  purely  Poiscuille  flow.  Herein  the 
condition  of  combined  Couelte  and  Poi.seuille  flow  is  examined.  Simply,  the  question  of 
whether  it  is  possible  to  use  continuum  theory  together  with  ER  fluid  data,  obtained  from 
straightforward  viscometric  tests,  to  predict  hydrodynamic  pressures  generated  using  the 
fluid,  is  posed.  This  question  cannot  be  answered  with  any  autliority  at  present,  the 

answer  is  of  use  to  those  involved  in  developing  ER  fluid  engineering  devices.  In  ^ 

particular,  the  principal  driving  force  behind  this  work  is  the  potential  contrioution  that 

ER  fluid  controlled  bearings  could  make  towards  a  new  generation  of  llexihlc  and  durable 

high  speed  machines.  The  concept  of  ER  fiuid  bearings  has  seen  some  theoretical 

analysis^’"',  the  work  lierein,  together  with  associated  work'*’*,  would  appear  to  be  the 

first  ei'foris  towards  practical  assessment.  Previously  reported"*  cxircrimcntai  data  is 

included  and  discussed  to  illustrate  the  need  for  the  improverl  expcritnenlal  procedure 

used  to  obtain  new  data. 
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The  work  comprises  four  eiements. 

1 .  Measurement  of  fluid  properties  using  conventional  viscometry. 

2.  Development  of  the  continuum  theory, 

3.  Experimental  measurement  of  hydrodynamic  pressure  generation. 

4.  Comparison  of  theory  and  practice. 

Interest  often  centres  solely  around  the  behaviour  of  excited  ER  fluid.  This  work 
however,  retjuires  the  consideration  of  unexcited  fluid,  performed  herein,  prior  to  the 
investigation  of  excited  fluid  which  is  re[)orted  in  part  IIT 


3.  Fluid  description  and  properties. 

The  ER  fluid  used  in  the  tests  comprised  a  dielectric  liquid  with  lithium 
polymcthacrylate  particles  averaging  about  5  nm  in  diameter  and  occupying  about  30% 
by  volume  of  the  mixture.  The  water  content  of  the  particles  was  15-18%  by  weight. 
This  is  a  typical  ‘wet’  fluid**  and  it  has  been  used  in  other  ER  lluid  ex|)criinenlal 
investigations^’®. 

Unexcited  ER  fluid  was  tested  in  a  conventional  conc-on~plate  viscometer  across  u 
shear  rate  range  of  200  to  6300  s  '.  The  cone  used  in  the  viscometer  had  a  diameter  of 
50  mm.  and  a  cone  angle  of  0.3°.  This  means  that  within  a  radius  of  approximately  1 
mm  from  the  cone  tip,  where  tlie  cone  /  plate  separation  is  less  than  the  average  particle 
size,  the  fluid  Itad  a  low  particle  concentration.  Any  effect  of  this  is  however  considered 
negligible  when  compared  to  the  total  cone  radius  of  50  mm.  It  is  possible  that  particles 
could  become  trupiwd  between  the  cone  and  the  plate  and  adversely  affect  the  test  results, 
if  this  occurred  to  any  significant  extent  it  would  be  evident  in  the  comparison  of 
repeated  tests. 

Prior  to  the  extraction  of  a  fluid  sample  for  testing  in  she  viscometer  the  ER  fluid 
container  was  briefly  shaken  to  ensure  homogeneity  of  the  fluid.  Three  nominal  test 
temperatures  v.'crc  used,  22.5,  30.0,  and  39.0  °C,  to  cover  the  temirerature  range  of  the 
step  bearing  test.s,  and  the  fluid  temperature  was  maintained  constant  during  each  test  to 
within  ±  0.4  “C, 

A  complete  test  involved  the  following  procedure  performed  after  thermal  equilibrium 
had  been  achieved: 

1.  Measure  shear  stress  for  various  shear  rate.s  three  times.  I'hc  fluid  so  tested  is 
referred  to  as  un worked. 

2.  Work  the  fluid  for  36  minutes  at  7  =  3152  s  '. 

3  Reduce  shear  rate  to  zero  briefly  then  record  shear  stresses  three  more  times,  the 
results  are  referred  to  as  applying  to  worked  fluid. 
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Eacli  test  was  repeated  using  a  new  fluid  sample.  Data  was  collected  by  re[H;atedly  setting 
the  shear  rate  at  a  required  value  and  recording  the  corresponding  shear  stress. 
Measurements  were  taken  whilst  the  shear  rate  was  both  sequentially  increased  and 
sequentially  decreased,  and  were  taken  rapidly  to  minimise  the  effect  of  any  time 
dependence  of  the  fluid.  The  data  collected  is  shown  in  figures  1  and  2  where  straight 
lines  have  been  fitted  through  the  average  value  of  r  at  each  -y.  The  variation  in  the 
repeated  data  from  both  the  same  test  and  from  different  tests  is  in  general  small,  being 
significant  n,ily  at  low  shear  rates  for  the  worked  fluid.  This  is  possibly  due  lo  tlie  fluid 
relaxing  after  being  worked  and  so  being  somewhat  unstable  at  low  shear  rates.  There 
is  no  obvious  problem  with  particle  size  and  cone  /  plate  separation. 


Figures  1  and  2  indicate  that  Ihe  fluid  can  be  closely  approximated  as  a  Bingham 
plastic,  defined  by 


V  *  hpY  T,sgn(Y)  Ul  a 

Y  =  0  |t1  <  ItJ 


(3) 


The  values  for  rjp  and  from  the  straight  lines  in  figures  1  aiui  2  arc  given  in  table  1 
and  show  that  r,,  for  unwoiked  fluid  is  approximately  constant  with  temperature.  When 
tb-.  fluid  is  worked  tends  to  increase  and  appears  lo  become  dependent  upon 
temperature.  The  plastic  viscosity,  rjp,  of  both  unworked  and  worked  fluid  decreases  as 
temperature  increases,  as  would  normally  be  expected,  and  di.>es  not  appear  to  change  by 
any  significant  amount  when  the  fluid  is  worked. 


unworked  fluid 

worked  fluid 

Temp,/“C 

1  Nin"^ 

— 

j/p  /  Nsm'^ 

Teinp./''C 

mm 

lillllg 

22.5 

[■Ql 

0.(88 

22.7 

148 

0.187 

30.0 

0.107 

30.0 

79.8 

0.113 

39.2 

2.2.1 

0.0611 

39.0 

51.1 

0.0585 

T  able  1  ;  YlolU  shear  stre-ss  ina  plastic  viscusilv  uf  ER  fluid  at  differenl  temperalurus 
tVoiii  k'(inc*<rn-pla(c  viscometer. 


The  possibility  of  an  unexcited  ER  fluid  exhibiting  a  yield  shear  stress  has  been  noted 
previousiy^  and  can  lesalt  from  stabilising  .igenis  in  the  fluids'®.  Although  the  data 
suggests  a  yield  shear  stress  for  the  fluid  used  here  it  is  not  proven  to  exist  to  il.s  exact 
definition  (that  is  at  7  =  0).  However,  the  Bingham  model  is  a  better  til  to  the  data  than 
the  Newtonian  model.  Figure  1  suggests  that  the  difference  between  liie  two  models  is 
small,  it  is  however  application  dependent  and  cannot  necessarily  be  ignoreil. 
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Bearing 

/  mni 

h  1  mm 

w  i  mm 

i 

10.72 

0.25 

5.10 

2 

14.88 

0.244 

6.86 

3 

10.16 

0.28 

6.91 

4 

10.16 

0.464 

6.91 

Tuhie  2  ;  Bearing  dimensions,  (alt  l>earini;s  arc  f>art  circular  with  -  29.25  rnni. ). 


5.  Theory 

The  flow  solutions  cmpicyed  are  given  in  outline  only,  being  detailed  elsewhere''". 
The  following  assumptions  are  made  : 

i)  the  flow  in  the  bearing  is  fully  developed,  one  dimensional,  laminar,  and 
isothermal, 

ii)  the  fluid  is  a  Bingham  plastic,  and  is  incompressible. 

Figure  5  shows  the  form  of  the  velocity  profiles  for  a  Newtonian  fluid  and  a  Bingham 
plastic  flowing  in  a  plane  step  bearing  at  a  net  zero  volumetric  flowrate.  In  the  Bingham 
plastic  a  core,  of  unyielded  iluid  occurs  in  region  2,  where  |  t  1  <  |  I  ■  wliilc  in 
regions  1  and  3  ]  r  |  ^  |  r,,  i  and  the  Iluid  is  being  sheared.  F'or  a  Bingham  plastic 
fov.'ing  between  parallel  walls  there  are  four  possible  forms  of  velocity  i)ronic''''  : 

i)  A  core  existing  within  the  flow  as  in  figure  5. 

ii)  core  attached  to  the  moving  surface. 

iii)  A  core  attached  to  the  stationary  surface. 

iv)  No  core,  the  fluid  is  yielded  all  across  the  gap. 

For  the  experimental  conditions  and  theoretical  assumptions  made  in  (his  work  it  has  been 
proved"  for  both  plane  and  part- circular  bearing  geometries  that  only  profiles  of  type 
i)  in  this  list,  that  is  of  the  form  shown  in  figure  5,  are  possible.  Such  a  conclusion  can 
be  drawn  without  recourse  to  analysis  by  considering  thi;  requirements: 

a)  For  zero  flow  rate  there  must  be  some  fluid  flowing  'forwards’  and  some  flowing 
‘backwards’. 

b)  There  is  no  slip  at  the  boundaries. 

c)  The  shear  rate  cannot  be  equal  to  zero  without  a  core  region  being  present,  so 
fluid  velocity  does  not  change  from  being  positive  to  negative  or  vice  ve.nu  other 
than  across  a  core  region. 
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Considering  the  plane  bearing  shown  in  figure  3(i)  with  /I2  set  to  zero.  Using  the 
assumptions  given  above  the  equation  of  motion  for  the  fluid  in  the  bearing  is 

^  (5) 

dx  dy 

Combining  this  with  the  Bingham  plastic  constitutive  equation  (3)  results  in 

Is-  ^ 

where  r'  =  i  depending  upon  whether  is  positive  or  negative;  shear  rate  and 
therefore  shear  stress  changes  sign  across  a  core  so  the  sign  of  must  he  changed 
accordingly. 

Equation  (6)  is  applied  separately  to  the  regions  of  sheared  flow,  above  and  below  the 
core,  to  determine  the  velocity  profile  of  the  flow  with  the  constants,  C,,,  being  obtained 
using  the  appropriate  boundary  conditions  from 

a,b)  No  slip  at  the  walls. 

c)  At  the  boundaries  of  a  core  Ty^  =  t*,  i.e.  7  =  0. 

d)  From  equilibrium  of  the  forces  on  a  core  under  steady  flow  conditions  the  core 
has  a  thickness  given  by 


2-c' 

>■2  -  J-i  = 

dx 


(7) 


The  condition  of  no  slip  of  the  walls  has  been  identified'^  as  questionable  with  ERF 
as  ‘wall  slip’  is  not  unusual  in  concentrated  suspensions.  Unknowns  such  as  this  form  the 
reason  for  the  present  investigation,  being  a  lest  of  whether  continuum  assumptions  and 
conditions  can  be  used  as  close  approximations.  Having  correctly  determined  tlie  velocity 
profile  the  volumetric  flowrate  is  straightforwardly  obtained  from 

*  V,  JTj  i 

q  =  Judy  =  judy  *  Judy  +  judy 

«  ®  Zl  Vi 


Using  the  dimensionless  parameters  B  and  P,  as  defined  in  equation  (1),  and  i'  'posing 
the  required  condition  of  volumetric  flowrate  equal  to  zero  gives 
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P 

if^r  -  2  - 1 

1  .  ,^-.1 
1  h 

-  n 

Uh 

6 

[/rl  1 

h 

yi 

Z-.2®  = 

1 

B 

+  —  -  4- 

1 

h 

h  P 

2 

P 

P  -  25 

(9) 


This  is  only  valid  when  0  ^  ^  y-i 

condition 


<,  h,  which  can  be  expressed  as  the  general 


0 


1  - 


2 

|P1 


(10) 


An  explicit  solution  to  equation  (9)  is  not  available,  discrete  values  of  li  versus  P  can 
however  be  oblained  using  for  example  the  Newton -Raph son  method  for  determining  the 
roots  of  an  equation.  Only  one  of  the  three  roots  so  found  satisfies  the  validity  condition. 
Curve  fitting  to  discrete  results  provides  the  following  expressions  giving  P  from  values 
of  B  to  an  accuracy  of  ±0..“)%. 


P  =  6  +  2.695  -  2.53x10-^5^ 

P  =  6.86  +  2.435  -  5.03x10-^5^ 


0  s  5  s  6 
6  s  5  s  25 


(11) 


Theoretical  pressures  in  the  step  bearing  are  calculated  using  these  expressions.  When 
Tj  and  therefore  5  is  set  to  zero  equation  (11)  reduces  to  the  solution  for  the  Newtonian 
model  of 


5  (Newtonian  fluid)  =  - - 


6p 

~6x 


(12) 


A  part-circular  bearing  as  shown  in  figure  3(ii),  rather  than  a  plane  bearing,  is  used 
in  the  exijerimcnts.  Solution  for  the  part  circular  geometry  follows  a  similar  proceriurc 
to  that  above.  The  equation  of  motion  of  the  fluid  is  now 

2rr  *  =  r^-  (13) 

dr  de 

which  when  combined  with  the  Bingham  plastic  constitutive  equations  (expressed 
appropriate  to  circumferential  flow)  gives  the  following  general  flow  equation  equivalent 
to  equation  (6)  above. 
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-  ■c*)lnr 

2  JO 


C„ 


2r‘ 


(14) 


This  equation  is  applied  to  find  the  angular  velocity  profile  by  the  application  of 
boundary  conditions  equivalent  to  those  listed  above  for  plane  bearings.  The  flow  rate 
is  then  obtained  and  is  set  equal  to  zero.  The  solution  is  given  in  appendix  A,  using  P 
and  B  as  defined  by  equation  (2). 

The  effect  of  the  curvature  of  the  bearing  upon  the  P  and  B  relationship  is  illustrated 
in  figure  6.  Note  that  F  and  B  for  the  plane  bearing,  equation  (1),  and  for  the  part- 
circular  bearing,  equation  (2),  are  equivalent  if.c  is  taken  to  be  equal  to  RqO,  i.e.  if  the 
arc  length,  rather  than  the  plane  length,  l^,  of  the  bearing  is  taken.  For  the  bearings 
used  in  this  work  (dimensions  given  in  table  2)  h/Rf^  is  of  the  order  of  0,01.  As  might 
be  intuitively  expected  and  as  shown  on  figure  6  such  a  value  of  H/Rq  has  negligible 
effect  Ufwn  the  F  vs.  B  relationship  as  long  as  the  arc  length  of  the  bearing  is  used,  th's 
is  particularly  true  for  small  values  of  and  therefore  B.  As  and  therefore  B  increases 
so  does  the  significance  of  bearing  curvature. 


Pressures  for  the  ER  fluid  tests  are  therefore  predicted  using  equation  (11),  with  P 
and  8  defined  by  equation  (1).  Note  that  the  pressure  rises  linearly  along  the  bearing 
length  (since  the  pressure  gradient  is  independent  of  x),  so  the  pressure  at  the  tapping, 
/!,,  being  the  required  pressure,  is  obtained  from 


ite  =  :^  P  ElJL 

"5*  lu 


(15) 


The  largest  value  of  8  used  in  this  work  is  0.217.  This  gives  from  equation  (11)8  = 
6.58,  that  is  the  Newtonian  value  plus  10%.  Whilst  the  sliear  yield  stress  of  27  Nm'^  is 
small  it  cannot  be  as  easily  ignored  ns  the  curvature  effect. 


6.  Results 

The  agreement  between  theory  and  experiment  for  control  experiments'^,  using  a 
mineral  oil,  has  shown  the  experimental  arrangement  and  theoretical  basis  to  be 
fundamentally  sound.  The  experiment  is  therefore  a  valid  test  of  the  continuum 
behaviour,  or  otherv.'ise,  of  the  ER  fluid. 

To  ensure  the  required  limiting  pressure  was  measured,  that  is  zero  or  near  zero  net 
flowrate  is  achieved,  preliminary  tests  were  conducted  with  a  varying  load  on  the 
bearing.  Pre.ssures  levelled  off  to  a  steady  value  as  expected'*,  and  the  constant  load  used 
for  further  data  collection  was  establish^. 
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Tests  with  ER  fluid  were  conducted  within  a  temperature  rarige  of  24  to  38  °C,  and 
were  kept  short  to  justify  the  use  of  unworked  fluid  data  from  the  viscometry  tests.  The 
ER  fluid  container  was  shaken  before  a  test  sample  was  extracted  to  ensure  homogeneous 
fluid.  Experimental  and  theoretical  limiting  pressures  are  compared  through  the  ratio 
/’exp.^Ptheoryi  theoretical  pressure,  Puieory-  given  by  equations  (1 1)  and  (15).  The 
properties  determined  in  the  viscometry  tests  are  employed  in  the  calculations.  This 
comparison  of  experimental  and  theoretical  results  is  shown  in  figure  7  for  bearings  one, 
two  and  three,  in  which  fexp.^Ahaory  varies  between  0.81  and  1.01  for  ER  fluid. 

As  noted  previously'*  the  agreement  between  theory  and  experiment  for  ER  fluid  is 
somewhat  less  than  that  for  mineral  oil.  It  has  been  proposed'*  that  the  additional  errors 
obtained  when  using  ER  fluid,  and  the  variation  of  this  error  with  temperature  as  shown 
in  figure  7,  are  due  to  significant  deviation  of  the  test  away  from  the  assumptions  of 
isothermal  flow  and  a  test  temperature  being  given  by  the  thermocouple  at  the  bearing 
entrance.  This  deviation  being  fluid  dependent.  Theoretical  explanations  for  temperature 
discrepancies  have  been  discussed  more  fully  eh  ewherc"*,  suffice  to  say  here  that  the 
combined  effects  of  working  the  fluid,  heat  generated  by  Coulomb  friction,  and  heat 
transfer  between  the  fluid,  the  bearing  and  the  atmosphere,  would  be  expected  to 
influence  the  test  temperature  and  it  is  whether  this  effect  is  significant  that  is  imixirtant. 

The  crucial  temperature  is  that  which  occurs  inside  the  bearing.  For  this  reason 
bearings  were  manufactured  to  include  a  thermocouple  inside  the  bearing  at  the  position 
of  the  step,  all  other  features  of  the  bearing  design  remaining  the  same.  Tests  using  these 
bearings,  under  the  same  conditions  as  before,  indicated  that  a  significant  difference  in 
fluid  temperature  can  occur  between  that  at  the  bearing  entrance  and  that  at  the  step,  the 
latter  tending  to  be  gre;ttcr  than  the  former,  The  differences  could  be  as  much  as  2  'C 
for  ER  fluid  at  lest  temperatures  close  to  atmospheric,  about  23  "C,  and  decreased  as  test 
temperature  increased.  I'he  occurrence  of  the  larger  errors  at  fne  lower  test  temireraiures 
corresponds  to  where  the  fluid  viscosity  is  most  sensitive  to  temperature.  This  evidence 
matches  the  observations  of  the  data  shown  in  figure  7  being  that  lemirerature  errors  and 
reduce  as  the  lest  temperature  increases.  As  an  example  a  2  °C  change  in  tem|)eiature 
of  ER  fluid  at  a  bulk  temperature  of  23  ‘"C  corresponds  to  a  change  in  pla.stic  viscosity 
of  approximately  13  %. 

To  minimise  temperature  errors  further  tests  were  performed  using  a  thermally 
insulating  chamber  around  the  experimental  apparatus.  The  chamber  temperature  was 
adjusted  using  a  hot  air  blower  and  temperatures  recorded  using  tliree  thermocouples 
placed  ii.  the  fluid  reservoir,  at  the  bearing  entrance,  and  at  the  step  within  the  bearing 
respectively.  I'c.sults  were  recorded  only  when  thermal  equilibrium  was  achieved  such 
that  the  three  temperatures  were  within  0.25  °C.  In  this  way  data  was  obtained  at  close 
to  isothermal  conditions,  llie  data  for  testing  with  both  mineral  oil  and  with  ER  fluid  are 
shown  in  figure  8  and  reflect,  for  both  fluids  but  particularly  for  ER  fluid,  the  improved 
temperature  stability.  The  results  are  significant  not  so  much  in  ilie  fact  that  they  are  so 
close  to  1.0,  although  that  is  not  undesirable,  but  more  so  in  not  showing  the  large 
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temperature  dependency  of  Pexp.-^Piheory  previously  encountered. 


7.  Discussion 

The  properties  of  an  unexcited  ER  fluid  have  been  determined  from  conventional 
viscometry  tests,  showing  the  fluid  to  be  well  approximated  as  a  Bingham  plastic  with 
a  small  yield  shear  stress.  The  ER  fluid  was  then  tested  in  a  part  circular  Rayleigh  step 
bearing  and  the  experimental  results  compared  with  theoretical  predictions  made  using 
continuum  theory  and  the  Bingham  plastic  properties  already  established. 

Results  from  tests  using  ER  fluid  and  bearings  1,  2  and  3  in  atmosphere  showed  some 
unexpected  temperature  dependence,  and  as  a  result  interpretation  is  somewhat 
complicated.  Further  tests  have  however  shown  that  significant  temperature  errors  are 
likely  to  have  occurred  in  the  original  ER  fluid  tests,  enough  to  account  for  the 
discrepancies  in  the  theoretical  and  experimental  comparisons. 

The  possibility  of  any  important  deviation  away  from  continuum  behaviour  of  the  ER 
fluid  being  masked  by  temperature  considerations  is  disproved  by  the  final  tests 
conducted  under  controlled  temperature  conditions.  The  results  of  these  tests  are  shown 
in  figure  8  and  confirm  the  continuum  behaviour  of  the  ER  fluid. 


8.  Conclusions 

The  ER  fluid  tested  has  the  properties  of  a  Bingham  plastic  as  shown  by  figures  1  and 
2  and  given  in  table  1,  and  is  somewhat  time  dependent  with  t,.  increasing  if  the  fluid 
is  worked  for  36  minutes. 

The  results  of  tests  using  ER  fluid,  taking  into  account  temperature  effects  where 
necessary,  show  that  shear  flow  behaviour  of  the  ER  fluid  can  be  modelled  on  a 
continuum  basis  using  fluid  properties  determined  from  standard  viscometry  tests.  This 
conclusion  is  restricted  at  this  time  to  the  expeiimental  conditions  encountered  where  the 
minimum  dimension  of  he  flow  channel  is  approximately  50  times  the  average  particle 
size. 

Of  further  interest  is  the  behaviour  of  excited  fluid  in  shear  Hows,  reported  m  part  11'’ 
of  this  work,  and  the  behaviour  of  both  unexcited  and  excited  ER  Iluid  in  thinner  films. 
Both  of  these  investigations  require  the  sound  exixjrimental  and  theoretical  basis  provided 
by  the  work  performed  herein. 
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11.  Appendix  A 

Presented  in  this  appendix  is  an  outline  of  the  solution'*  for  idealised  flow  of  a 
Bingham  plastic  in  a  part  circular  bearing,  as  shown  in  figure  3(ii),  at  a  condition  of  zero 
flow  rate  such  that  a  core  of  unyielded  fluid  exists  in  the  flow.  The  radii  of  the  internal 
and  external  surfaces  of  the  beariiig  are  R(^  and  R^^  respectively,  such  that  the  bearing 
height  h  equals  R^^  -  Rq.  The  core  exists  in  the  region  R^  r  ^  /fj  common 

factors  appear  in  the  solutions,  the  following  identities  are  therefore  used  for  brevity. 

F*  .  Ip  ^  JLb  F'  =  -P  -  —  fi  (A.l) 

2  R,  2  ^ 

where  B  and  P  are  defined  in  equation  (2). 

The  following  boundary  conditions  apply. 

1.  M  r  =  Rq,  01  =  il. 

2.  At  r  = /^i,  7,  «  0. 

3.  At  r  =  R2,  7r  =  0. 

4.  Mr  =  Ki,,  w  =  0. 

.‘i.  Core  thickness  satisfies  steady  state  equilibrium  requirements. 

6.  HI  -  01^  ^  h2‘ 

These  conditions  in  conjunction  with  equation  (14)  provide  the  angular  velocity  profile 
as  three  expressions  covering  res|)ectively  the  three  regions  of  below  the  core,  the  core 
itself,  and  above  the  core,  care  must  be  taken  in  analysis  to  follow  the  change  in  sign  of 
shear  rate  and  therefore  of  shear  stress  across  the  cure  region. 


R^  i  r  i 


i?,  s  r  i  /?. 

R^i  r  i 


0) 


-(p”) 

2 


f  1 

Inf—]  + 

2 

' 

'RA^ 

lAj 

KJ  ' 

,  r  ; 

1 


<i) 

Q 


u 


+ 1  - 


0) 


- 1 

'RA^ 

1 

xJ. 

(A.2) 


together  with 


620 


_2_  aT 

F- 


11 

F- 


A. 


(A.3) 


The  obvious  conditions  for  this  flow  profile  to  occur  are  Rq  :&  R^  ^  R2  ^  K|,.  These 
conditions  are  in  fact  derivatives  of  the  more  fundamental  requirements 


'  walla  i 


~  T 


(A.4) 


which  if  required  can  be  used  to  determine  more  explicit  (hut  complex)  conditions. 
Volumetric  fiowrate  per  unit  width,  r/,  is  given  by  appropriate  evaluation  of 
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The  required  solution  of  zero  flowrate  is  obtained  by  setting  equation  (A. 6)  equal  to  zero 
and  solving  simultaneously  with  equations  (A.3).  The  problem  is  ihen 

/(B,P±)  =  0  (A. 7) 

A) 


An  explicit  expression  for  Z’  as  a  function  of  {B,  H/Rq)  cannot  be  obtained,  discrete 
solutions  must  be  obtained  by  numerical  analysis.  For  a  particular  value  cUi/Rq  there  is 
only  one  value  of  P  for  each  value  of  B  that  satisfies  both  A. 7  and  the  validity 
requirements  of  A. 4. 
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shear  stress  (kNm^) 


0  1  2  3  4  B  6  7 

shear  rate  (s  ')  (thousands) 

Figure  I  :  Shuar  stress  /  snear  rate  data  from  conc-on -plate  tests,  un worked  ER  lliiid. 
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Shear  stress  /  shear  rate  data  from  cone-on  plale  tests,  worked  ER  fluid. 


Figure  2.  : 
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Stationary  surface 


igure  5  ;  Vclocily  profiles  of  a  Newtonian  fluid  and  a  Bingham  plastic  at  a  zero 
flow  rate. 
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Figure  6  :  The  effect  of  curvature  upon  the  P  versus  B  relationship. 
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ABSTRACT 


The  behaviour  of «.  excileU  elecCro-rhwilogicul  (ER)  fluiu  ui>.der  cond.h.ins  ol  bt^dy  state 
hydrodynamic  pressure  gencraiion  is  investigated  experimentally  and  coinpai^  to  theoretica 
analyses  developed  by  assuming  the  fluid  to  be  a  Bingham  ntatenal.  Tliis  is  a  direct 
continuation  of  the  investigation  of  unexcited  ER  fluid  reported  in  Part  T  Apparent  propitrlies 
of  the  excited  ER  fluid  determined  from  viscometer  Usts  are  used  m  theoreucal  predictions 
of  fluid  behaviour.  Data  for  the  same  fluid  under  different  conditions,  reported  in  the 
literature,  are  considered  alongside  the  new  daU,  Die  comparisons  made  indicate  that,  at 
least  for  the  conditions  examined,  the  Bingham  plastic  model  is  acceptable  tor  engineering 
design  calculations. 


1.  Nomenclature 


B 

E 

h 

h 

l,c 

L 

P 

dp/dx 

P 

r 

«o.«h 

T 

U 

V 


w 

x.y.z. 

W,X 


Bingham  number 
electric  field 

step  height  of  bearing,  fluid  gap  in  viscometry 
linear  iength  of  bearing  lo  pressure  tapping 
arc  length  of  bearing  lo  pressure  tapping 
height  of  fluid  in  viscometer 
pressure 

pressure  gradient 
non-dimensional  pressure  gradient 
radius 

radius  of  inner  and  outer  surface 
torque 

linear  velocity  of  moving  surface 
voltage 

width  of  bearing 
coordinate  axes 

geometric  parameters  of  the  vis.'iomctry  equipment 


626 


7  shear  rate  /  s'^ 

7,,  nominal  shear  rale 

i)p  plastic  viscosity 

0  absolute  temperature 

r  shear  stress 

T„|  measured  shear  stress 

Tg  yield  shear  stress 

fl  angular  velocity 

2,  Introduction 

Alongside  research  into  the  fundamental  physics  of  !5R  fluids  and  the 
development  of  iin(>roved  fiuids*  there  is  an  impcrtaiU  need  to  study  practical 
HR  fluid  behaviour,  d  has  been  suggested'  that  the  properties  of  an  excited 
HR  fluid  depend  upon  shear  rale,  temperature,  and  flow  condition  and 
geometry  in  addition  to  electric  field;  at  the  same  time  tiie  fluid  is  a 
suspension  of  solid  particles  in  a  liquid  carrier.  Ctombim^d,  this  makes 
effective  and  innovative  design  with  an  ER  fluid  an  almost  impossible  task 
without  the  use  of  simplifying  approximations.  Adopting  a  necessarily 
straightforward  approach  therefore,  this  work  examines  whether  some  of  the 
problems  and  unknowns  of  ER  fluid  behaviour  could,  in  the  circumstances 
of  steady  state  hydrodynamic  pressure  generation,  be  sidestepped  by 
designers.  Until  such  time  as  theories  are  developed  which  successfully 
explain  the  physical  phenomena  of  ER  fluid  flow  practical  investigations  of 
this  type  are  useful  in  attempting  to  progress  towards  commercial  ER  fluid 
applications. 

T!ie  uncertainties  of  designing  with  an  ER  fluid  are 

i.  the  continuum  problem, 

ii.  the  consistency  problem. 

Thc.se  are,  more  explicitly,  whether  the  two  phase  solid  -  liquid  mixttire  can 
be  considered  as  a  simple  continuous  liquid  p.hase  with  no  special 
con.sideration  for  the  presence  of  solid  particles,  and  whether  self  similar 
behaviour  occurs  between  devices  and  instruments  of  dilferent  sizes,  designs, 
and  flow  conditions  when  a  consistent  theoretical  approach  is  taken.  These 
problems  are  ex.amined  herein  for  steady  state  Itydrodynamic  film  flow.  Data 
is  obtained  from  a  Couette  flow  viscometer  for  excited  ER  fluid  and  this  is 
analyzed  by  assunting  a  continuum  theory  to  apply,  giving  approximate 
continuum  properties  for  the  ER  fluid.  These  properties  and  a  consistent 
theoretical  analysis  are  then  used  to  predict  the  behaviour  of  excited  ER  fluid 
<n  the  hitlierto  uninvestigated  flow  condition  of  combined  Couette  and 
Fciseuille  flow,  that  is  in  circumstances  of  hydrodynamic  pressure  generation 
in  a  part-circuiar  Rayleigh  step  bearing.  Comparison  between  the  theory  and 
practical  measuremeiiis  enables  a  critical  analysis  of  the  behaviour  of  the  EK 
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fluid.  This  work  improves  upon  a  prior  investigation  of  excited  ER  fluid 
flow^,  for  which  fluid  properties  were  not  available,  and  is  based  upon  the 
scientific  and  theoretical  approach  developed  in  part  I”*  where  the  behaviour 
of  unexcited  fluid  was  examined. 

3.  Fluid  description  and  model 

The  ER  fluid  used  comprised  a  dielectric  liquid  containing  lithium 
polyinelhacrylate  particles  averaging  about  5  /on  in  diameter  and  occupying 
about  30%  by  volume  of  the  mixture.  The  water  content  of  the  particles  is 
15  18%  by  v/eighl.  This  is  the  same  type  of  ER  fluid  that  was  used  in  part 
I'*  of  this  work,  under  unexcited  conditions,  and  has  been  used  under  excited 
conditions  in  circumstances  of  Poiseuille  flow^. 

From  cone-on-plate  viscometry  tests'*  the  unexcited  ER  fluid  has  been 
shown  to  be  best  approxititated  as  a  Bingham  plastic,  defined  by 

=  il-Y  x.sgn(y)  Ivl  a  |t  J 

(1) 

Y  =  0  1t|  s  IrJ 

with  a  yield  shear  stress  of  27  Nm'^  and  a  plastic  viscosity  versus 
temperature  relationship  of 

ti^  =  1,43  X  10 (2) 

where  17,,  (Nsm'^)  and  0  (K).  This  is  for  fluid  If.at  has  not  been  worked  for 
any  length  of  time,  when  worked  the  yield  shear  stress  of  the  fluid  appears 
to  increase. 

A  Couetie  tyitc  coticentric  cylinder  with  the  facility  to  apply  an  electric 
fleld  across  the  fluid  gap  was  used  to  investigate  the  properties  of  the  excited 
fluid.  The  details  of  the  equipment  are  as  follows  : 

Radius  of  inner  cylinder,  P.q  —  13. “9  mm. 

Rad'us  of  outer  cylinder,  —  14.005  mm. 

Size  of  fluid  gup,  h  =  Rj,  -  /{q  =  0.515  mm. 

Length  in  contact  with  fluid,  Z,  =  40  nim. 

Data  was  ncorded  at  two  temperuture.s,  30  “C  and  35  °C,  by  measuring 
the  torque  on  the  outer  cylinder  for  a  range  of  speeds  of  rotation,  0,  of  the 
inner  cyli.aJer  and  at  a  potential  diffeience  V  across  the  fluid  gap;  this  was 
perfernted  f.5r  25  different  voltages  at  each  of  the  two  tcmpr-raturcs. 
Examples  of  tltc  results  are  shown  on  figure  1  where  the  nominal  shear  rue 
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and  measured  shear  stress  were  obtained  from  the  recorded  [taramcters  by 


InR^L 


and  the  electric  field  strength  is  given  by 


The  same  trend  appeared  in  the  data  at  both  temperatures.  At  low  elect  rie 
fields  the  versus  -y,,  relationship  is  close  to  linear  across  the  whole  range 
of  shear  rates  but  at  higher  electric  fields  the  approximate  linear  relationship 
breaks  down  at  the  lower  levels  of  nominal  shear  rate.  Similar  deviation  from 
any  smooth  curve  or  line  has  been  noted  previously*  and  is  not  unusual.  A 
•second  trend,  again  common  to  the  data  at  both  temperatures  and  not 
unexpected^  was  the  reduction  in  .slojx;  of  the  data  with  increase  in  electric 
field. 


For  the  purpose  of  analysis  in  the  present  work  the  fluid  is  assumed  to  be 
a  Bingham  plastic,  as  defined  in  equation  (1),  with  a  yield  shear  stress  that 
depends  upon  electric  field  intensity.  The  nominal  shear  rate  versus  measured 
shear  stress  data  is  thcr  "'''re  analyzed  to  provide  the  Vp  and  values  ai  each 
value  of  applied  e!  H,  Analysis  of  the  flow  of  a  Bingham  pla.slic  in 

the  viscometr.-'’  pi.-- 

.  =  -  T.W 


1 


valid  only  when 


2  ALv*<>;  VA,; 


Best  straight  lines  of  the  form 


=  SY  ^  t 
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are  fitted  to  the  linear  jxirtion  of  each  set  of  vs.  7,,  lest  data  by  linear 
regression.  The  required  Bingham  plastic  parameters  are  then  given  by 
comparing  equations  (5)  and  (7)  thus 


T 


’I;.  = 


X 


(8) 


The  Tg  and  ijp  values  so  obtained  are  sluwn  in  figures  2  and  3  which 
include  fitted  lines.  The  values  of  given  by  equation  (2)  are  also  included 
on  figure  3.  Figure  2  shows  that  the  calculated  yield  shear  stress  values 
incretise  smtxilhly  with  electric  field,  and  that  although  test  teiniierature  might 
be  ex]iected  to  have  an  effect'^  it  is  negligible  in  this  instance,  can  be 
expressed 

0  s  £  i  0.39  T,  =  187.6E 

0.39  <  £  s  2.7  T,  =  205£^  362£  102  W 

(£  (kV/nun),  r,  (Pa)) 

In  general,  as  shown  on  figure  3,  the  calculated  values  of  >),  are  subject 
to  considerable  variation.  At  low  electric  field  and  at  3.5  "C  the  plastic 
viscosity  calculated  from  the  concentric  cylinder  viscomelry  agrees  clo.sely 
with  that  determined  at  zero  field  in  eone-on-platc  viscometry  given  by 
equation  (2).  However,  at  30  °C  the  di.scrcpancy  between  the  two  values  is 
approximately  20  %.  The  trend  discernible  from  figure  3  is  lor  to  decrea.se 
as  electric  field  increases.  The  following  expression  is  u.sed  to  represent  the 
data  at  33  "t’, 

0  s  £  ^  3,0  =  0.074  -  0.0213£ 

£  a  3,0  Tip  =  0.01  (10) 

( £  (kV/mm),  ti  ^  (Pas) ) 

The  second  expression  is  necessary  because  a  negative  plastic  viscosity  is  not 
possible  within  the  Bingham  plastic  model. 

The  determination  of  a  value  from  the  slope  of  a  line  that  is  1 
approximate  fit  to  data  points  which  are  themselves  subject  to  error  is  a 
somewhat  inaccurate  procedure,  particularly  when  the  slope  is  small.  This  is 
precisely  the  situation  encountered  here  in  obtaining  values  for  >/j,.  As  can  be 
inferred  from  figure  1,  at  high  values  of  yield  shear  stress  the  slope  of  any 
filled  straight  line  can  vary  as  much  as  five  limes  (0.01  -  0.05)  for  errors  in 
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measured  shear  stress  of  less  than  10  %.  This  goes  some  way  towards 
explaining  the  variability  in  rj^  shown  in  figure  3. 

To  remain  straightforward  the  above  analysis  of  the  viscometry  data 
makes  no  attempt  to  account  for  deviations  away  from  the  ideal  Bingham 
plastic  model,  in  particular  those  variations  at  lower  shear  rate  illustrated  on 
figure  1.  The  validity  eondition,  equation  (6),  indicates  whether,  as  assumed 
in  the  derivation  of  equation  (5),  the  modulus  of  the  shear  stress  in  the 
Bingham  plastic  is  greater  than  yield  across  the  whole  of  the  fluid  gap.  Since 
the  torque  is  constant  with  radius  the  shear  stress  reduces  with  radius,  such 
that  when  the  condition  of  equation  (6)  is  not  satisfied  there  exists 
(theoretically)  a  region  or  core  of  unyiclded  fluid  attached  to  the  outer 
cylinder.  As  a  result  the  complete  theoretical  r,„  vs.  7,,  relationship  for  a 
Bingham  plastic  is,  beginning  at  zero  shear  rale,  a  smooth  curve  which  as  7,, 
increases  has  decreasing  gradient,  becoming  a  straight  line  at  the  point 
defined  by  equation  (6).  Although  this  cxiiectcd  deviation  from  linearity  does 
nut  account  for  that  obtained,  the  point  at  which  equation  (5)  becomes  invalid 
(by  condition  (6))  docs  tend  to  corrcsixmd  with  the  point  at  whicii  the 
measured  shear  stress  begins  to  adopt  unexpected  values  tlieoretical  and 
actual  behaviour  tends  towards  enhanced  disagreement  when  a  cure  is 
predicted  to  exist  in  the  flow.  It  is  [Xjssible  that  the  applicability  of  the 
Bingham  plastic  model  reduces  when  a  core  is  predicted  to  occur  in  the  How; 
this  is  potentially  signifiuant  in  the  application  of  the  model. 


A  second  aspect  of  the  analysis  of  the  viscometry  data  is  that  the  electric 
field  strength  as  calculated  by  equation  (4)  is  a  convenient  approximation 
only.  More  correctly 


E  = 


(11) 


and  since  is  a  function  of  E  then  it  is  in  turn  a  function  of  r.  Assuming 
X,  =  +  b£  +  c  (12) 


tiien  flow  in  the  viscometer  of  a  Bingham  plastic  with  iliis  uei>cndence  of 
yield  shear  stress  upon  radius  give.s'^do 


, ) 

+  b  _  '  *  +  cW 


1 


(13) 


as  the  equivalent  to  equation  (5),  with  the  condition,  as  before,  that  this 
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applies  only  when  there  is  flow  across  the  whole  gap.  The  constants  a,  b,  and 
c  are  then  determined  by  minimising  the  sum  of  the  differences  between  the 
predicted  intercepts,  given  by  the  term  in  square  brackets  in  equation  (13), 
and  the  actual  intercepts  of  the  straight  lines  fitted  to  the  data  as  in  equation 
(7).  Proceeding  in  this  manner  gives  a  maximum  difference  in  from  the 
expression  in  equation  (9)  of  0.6  %.  A  similarly  negligible  inllucncc  upon  the 
results  is  obtained  if  the  variation  with  £  and  thereibre  with  r  is 
incorporated  into  the  analysis. 

4.  I'cst  apparatus 

The  test  apparatus  is  designed  for  the  measurement  of  hydrodynamic 
pressures  generated  using  an  ER  fluid  under  an  electric  field  in  a  part  circular 
Rayleigh  step  bearing.  The  same  cxi)crimcntal  equipment  as  for  unexcited 
fluid”*  is  used,  the  essentials  of  which  being  a  step  bearing  loaded  against  a 
rotating  disc,  which  is  partly  immersed  in  the  ER  fluid,  and  an  appropriately 
iwsitioncd  pressure  lapping,  as  shown  in  figure  4.  Eluid  is  drawn  into  ihe 
bearing  from  the  reservoir  by  the  rotating  disc,  the  latter  having  a  diameter 
of  58.5  mm.  and  a  constant  sirccd  for  each  test  of  207  r.p.m.  Pressures  were 
measured  using  semiconductor  strain  gauge  pressure  transducers.  The  only 
mudiilcatiun  made  to  the  equipment  for  this  work  is  the  addition  of  a  D.d. 
high  voltage  supply  and  satisfaction  of  the  necessary  insulation  requirements, 

Pressures  within  llic  bearing  are  measured  at  the  repeatable  limiting 
condition  of  zero  tlow  rate,  tliat  is  h/  =  0  in  the  schenuilic  diagram  of  tlie 
step  bearing  shown  in  figure  5.  The  thickness  of  the  lluid  film  is  tlien  given 
by  h.  'I'esls  were  conducted  at  steady  state  conditions  in  atmospliere, 
approximately  23  ‘’C,  and  temiierature  was  measured  by  a  tlicrmocouplc 
positioned  in  tlic  ER  fluid  at  the  bearing  entrance.  Such  an  arrangcincni  for 
temperature  measurement  was  identified  as  being  error  prone  in  tests  using 
unexcited  HR  tluid”*,  however  the  data  on  figures  2  and  3  suggests  tliat 
temperature  sensitivity  is  not  a  major  factor  in  the  current  tests.  Oilier  than 
these  lemiicrature  considerations  the  test  arrangement  and  conce[)is,  being  tlie 
practical  achievement  of  near  zero  flow  rate  and  the  use  of  a  zero  flow  rale 
theory,  have  been  shown”*  to  be  an  effective  test  of  lluid  behaviour. 


Bearing 

l^^  /  mm. 

h  /  mm. 

w  /  ninu 

1 

14.88 

0.244 

6,86 

2 

10.16 

0.28 

6.91 

Tublt*  I  :  Step  dimciiKiotii;. 


I 
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Bearing  design  is  illustrated  in  figure  4,  two  bearings  were  tested  having 
the  dimensions  given  in  table  1 .  The  ptt'e  insert  on  the  bearings  provides  the 
required  electrical  insulation  and  forms  the  bearing  step  and  side  walls  with 
the  latter  employed  to  provide  a  one-dimensional  flow  condition. 

As  shown  on  figure  1  the  viscometry  tests  using  the  ER  fluid  cover  a 
range  of  nominal  shear  rates  up  to  2600  s'*.  In  comparison  the  bearing 
dimensions  and  experimental  apparatus  used  give  a  nominal  shear  rate  in  the 
bearings,  as  defined  in  equation  (.3),  of  apjtroximately  2536  s"'.  However,  at 
the  condition  of  zero  flow  rate  in  the  bearing  the  shear  rates  will  be 
considerably  higher  than  this  nominal  value.  The  viscometry  data  does  not 
therefore  fully  cover  the  experimental  conditions  within  tlte  bearing.  This  is 
part  of  the  test  of  the  Bingham  plastic  model  since  the  model  includes  the 
implicit  assumption  that  fluid  parameters  do  not  vary  with  shear  rate  and  do 
not  therefore  have  to  be  mcasureri  acro.ss  wide  ranges  of  slicar  rates. 

S.  Theory 

The  theory  for  the  flow  of  a  Bingham  plastic  in  the  step  bearing  at  a  zero 
flow  rate  was  developed  in  part  1“*.  Experimental  and  fluid  parameters  are 
linked  through  the  expressions 

?  =  6  +  2.69  fi  -  2.53x10-^3^  0 

P  =  6.86  +  2.433  -  5.03xl0-’B^  6 

with  P  and  3  defined  by 


P  = 

(b  U 

Equation  (14)  is  a  close  approximation  to  discrete  solutions  of  an  exact 
implicit  P  versus  B  relationship  for  flow  in  a  plane  bearing  at  zero  flv)w  rate, 
as  developed  in  part  I  of  this  work.  It  has  been  shown"*’®  that  the  use  of 
the  arc  length  to  the  pressure  tapping  of  the  part  circular  bearing,  and  the 
small  ratio  of  film  thickness  to  disc  radius  in  the  tests,  means  that  the  errors 
introduced  by  application  of  this  plane  theory  to  the  part  circular  case  are 
negligible.  Since  the  curvature  of  the  fluid  film  in  the  bearing,  as  measured 
by  the  ratio  /i/Bg,  is  similar  to  that  in  the  viscometer  discussed  in  section  2 
the  effect  upon  electric  field  and  hence  upon  fluid  properties  is  reasonably 


(15) 


dx 


s  3  £  6 

(14) 

£  3  i  25 


r 
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assumed  to  be  similarly  negligible.  Electric  field  is  therefore  as  defined  by 
equation  (4). 

I  hcoretical  pressures  in  the  step  bearing,  denoted  by  can  thus  be 

predicted  from  equations  (14)  and  (15)  and  the  fluid  properties  and  test 
geometry,  The  inverse  of  equation  (15),  for  example  to  calculate  the  apparent 
yield  sliear  stress  from  a  measured  pressure  is  approximately 

B  =  -2.17  +  3, 51x10-1?  ^  1.56x10'^?2  (  0  s  ?  s  22) 

(16) 

B  =  -2.76  +  4.03x10-'?  +  4.»9xl0  (22  .<;  ?  s  60) 


6.  The  effect  of  particle  size. 

Tile  tneorv  which  results  in  equation  (14),  gives  the  velocity  profile  of  the 
flow  as  shown  in  figure  6.  Three  regions  can  be  identified,  region  2  being  a 
core  of  unyiclded  fiuid  existing  within  the  flow,  and  regions  1  and  3  of 
yielded  fiuid  either  side  of  the  core.  Denoting  the  size  of  tiic.se  legioivs  by  ,/}, 
fz  and/3 

-  1  -  ®  +  J- 

h  '  1  ?  ?  -  IB 

4-2-  (‘7) 

h  ? 

4  _  1  .  fi _ 

'h  "  2  '  ?  ’  ?  -  2B 

The  heights,  h,  of  the  step  bearings  used  in  this  work  were  chosen  to  be 
approximately  50  times  the  average  particle  diameter  so  that  the  movement 
of  particles  within  the  bearing  is  not  restricted.  If  particles  are  to  exist  in  the 
3  regions  in  the  flow  and  if  a  velocity  profile  is  to  occur  that  is  similar  to  the 
smooth  continuum  profile  assumed  in  the  theory,  then  the  dimensions  of  the 
regions  are  impoilant.  in  the  limit  a  region  must  be  at  least  one  particle 
diameter,  that  is  greater  than  approximately  0.02h  for  the  average  particle 
size  of  5ftm  and  film  thickness  of  -  0.25  mm.  used  in  this  work. 

Figure  7  shows  the  variation  in  the  size  of  tlie  three  regions  against  B  as 
predicted  by  continuum  theory.  It  can  be  seen  that  the  effect  of  there  being 
a  likely  minimum  core  size  of  one  particle,  that  is  a  restriction  of  S: 
0.02,  is  negligible  since  the  curve  for  core  size  is  so  steep  for  small  cores. 
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In  fact  the  enforcement  of  a  minimum  core  size  in  tlie  theoretical  analysis 
indicates  that  minimum  core  sizes  of  up  to  0.2/j  have  an  effect  of  less  than 
I  %  upon  the  values  of  P  obtained  for  particular  values  of  P. 

Of  most  importance  is,  as  shown  in  figure  7.  the  size  of  region  3.  I-or 
particle  diameter  =  0.02/j  region  three  reduces  to  3,  2,  and  1  particle 
diameters  at  6  ~  16,  29  and  80  respectively.  For  larger  ratios  of  particle 
diameter  to  film  thickness  region  three  approaches  1  particle  diameter  at 
significantly  lower  values  of  B. 

7.  Experimental  results. 

At  a  particular  applied  electric  field  the  pressure  in  the  hearing  rises  with 
a|)plit^  load  to  a  steady  value  at  which  additional  load  had  no  significant 
effect.  These,  limiting  (zero  flow  rate  pres.sures)  are  shown  in  figure  8  against 
electric  field.  Note  that  there  is  not  exijecled  to  be  any  correlation  between 
the  data  from  the  two  bearings  due  to  their  differing  dimensions.  If  a  lest  was 
left  running  for  any  length  of  time,  parlieularly  with  an  electric  field  applied, 
the  measurcrl  tem[)erature  of  the  liK  fluid  would  increii.se  significantly.  In 
order  to  achieve  results  at  reasonably  constant  temperatures  data  was 
recorded  during  only  brief  periods  of  operation  of  the  etpiiimient,  of  the  order 
of  10  seconds.  I'or  the  two  bearings  the  measured  temperature  varied 
between  34  and  36  "C  during  the  tests  and,  since  it  is  not  consideied  critical, 
is  taken  to  be  35  "C. 

Generated  pressure  clearly  increases  with  E,  as  is  expected  if  is 
increasing.  Theoretical  and  experimental  pressures  are  compared  using  the 
parameter  P^xii.0\hii<ny  figure  9.  In  this  figure  the  lluid  inopertics  used  to 
determine  are  those  given  by  equations  (9)  and  (10). 

The  dal.i  can  also  be  assessed  in  comparison  with  independently  obtained 
data  for  the  same  fluid  at  a  similar  temperature.  Equation  (16)  enables  the 
apparent  yield  shear  stress  exhibited  by  the  fluid  in  the  step  bearings  to  be 
calculated  from  the  experimental  pressures.  This  data  is  compared  in  figure 
10  with  apparent  yield  shear  stress  values  exhibited  by  the  fluid  in  tests  of  an 
ER  fluid  valve^,  that  is  pressure  driven  axial  flow  between  two  concentric 
cylinders.  The  data  for  the  valve  is  determined  from  pressure  versus  flowrate 
measurements  made  on  the  valve,  together  with  a  Bingham  plastic  analysis 
of  the  flow,  and  the  valve  geometry.  In  the  derivation  of  the  data  shown  on 
figure  10  it  is  necessary  to  assume  values  for  the  jilastic  viscosity  to  apply; 
those  given  by  equation  (10)  are  used. 


8.  Discussion 


The  agreemeiu  between  theory  and  experiment  from  tests  with  two 
different  step  bearings  as  shown  on  figure  9  is,  for  all  but  one  point, 
remarkably  good  and  is  strong  evidence  that  the  experimental  pressures  can 
be  predicted  to  acceptable  accuracy  using  the  continuunr  approach  adopted. 
There  is  no  known  explanation  for  the  apparently  errant  iroint  on  figure  9,  it 
is  possibly  due  to  incorrect  measurement  of  experimental  parameters. 
Additional  data  points  may  be  necessary  to  confirm  no  unexpected  behaviour. 
The  consistency,  or  otherwise,  of  the  ER  fluid  behaviour  is  further  examined 
using  the  available  data  in  figure  10.  This  figure  is  essentially  comparing  the 
behaviour  of  the  ER  fluid  in  the  three  flow  conditions  of  Couettc  flow 
(viscometry),  Poiscuille  flow  (valve  tests^),  and  combined  Couette  and 
Poiseuillc  flow,  and  also  across  a  wide  range  of  shear  rates  -  the  theory 
predicting  different  ranges  to  have  occurral  in  each  of  tlie  flow  conditions. 
Considering  the  ixitential  errors  present,  in  particular  those  associated  with 
pump/flowrate  measurement  in  the  valve  tests^,  figure  10  shows  good  general 
agreement  between  behaviour  in  the  different  flow  conditions. 

The  largest  value  of  li  that  is  calculated  to  occur  in  the  bearing  tests  is 
approximately  120  and  is  for  bearing  I  at  3.2  kV/inm.  By  equation  (10)  the 
low  value  of  0.0!  is  tlien  used  for  plastic  viscosity,  a  value  of  0. 015  may  be 
just  as  applicable  making  U  around  80.  For  bearing  2  a  value  of  li  of  around 
80  occurs  at  E  -  2.8  kV/inm.  It  would  apix^r  tliat  the  tests  are  opcialing 
just  at  the  boundary  of  where  continuum  theory  might  be  expected  to  break 
down  according  to  the  analysis  of  section  5  and  figure  7,  any  effect  of  lliis 
could  however  not  be  discerned.  The  possibility  of  the  region  sizes  as 
discussed  being  significant  in  the  applicability  or  ollicrwise  of  continuum 
analysis  requires  examination.  This  would  be  best  achieved  by  investigation 
of  thinner  fluid  films.  For  the  {xrlential  use  of  ER  fluids  in  controllable 
bearings  films  of  perhaps  an  order  of  magnitude  thinner  than  tliosc  employed 
in  this  work  are  required.  Particle  size  may  have  to  be  reduced  by  a  similar 
magnitude. 

The  theory  predicts  a  core  of  unyielded  fluid  to  occur  in  the  bearing  flow 
whenever  flow  rate  is  zero.  Although  it  was  pro|X)sed  from  the  viscometry 
analyst  s  that  the  predicted  presence  of  a  core  in  the  fluid  flow  may  be  a  point 
at  which  continuum  analysis  becomes  unreliable  this  does  not  ap])car  to  have 
been  significant  in  the  bearing  tests. 

The  significance  of  the  plastic  viscosity  to  the  data  analysis  should  not  be 
neglected.  As  indicated  the  expression  for  r?p  given  in  equation  (10)  has  been 
used  in  the  calculation  of  data  on  figures  9  and  10.  An  example  of  the  effect 
of  neglecting  the  variation  of  plastic  viscosity  with  electric  field  is  shown  in 
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figure  1 1  where  calculations  to  produce  values  of  p^^ncory  plastic 

viscosity  at  35  "C  given  by  equation  (2),  constant  with  electric  field  strength. 
Discrepancies  between  theory  and  experiment  become  on  average  20  % 
larger.  It  is  clear  that  the  plastic  viscosity  values  and  variation  arc  significant. 

9.  Conclusions 

There  is  strong  evidence  to  suggest  that  the  excited  EK  fluid  under  the 
conditions  of  hydrodynamic  pressure  generation  imposed  conforms  to  the 
continuum  Bingham  plastic  model  used.  For  situations  w'here  the  size  of  the 
particles  in  the  fluid  arc  of  the  order  of  one  fiftieth  of  the  gup  height  the 
liydrodynamic  pressure  can  be  controlled  and,  with  prior  lutowledgc  of  fluid 
properties  from  standard  laboratory  tests,  be  predicted.  Furthermore  the  ER 
fluid  tested  behaves  in  a  consistent  manner  in  the  three  geometries  and  flow 
conditions  encountered. 

Of  further  interest  is  the  behaviour  of  the  fluid  in  thinner  films  and  the 
response  time  of  the  EK  fluid  in  the  .step  bearing  to  the  application  of  the 
electric  field.  One  of  the  potential  advantages  of  using  ER  tluid  in 
engineering  machinery  is  improved  controllability  by  virtue  of  a  rapid 
rcsixinse.  Such  investigations  form  part  of  a  continuing  research  program. 
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I .  Examples  of  data  obtained  from  concentric  cylinder  viscomeier  at  ^'0 
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4.  llnpcrimenial  arrangement. 
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5.  Rayleigh  step  bearing. 
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i —  region  3 
4 —  region  2 

4—  region  1 
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6.  Velocity  profile  of  Bingham  plastic  flow  in  the  step  bearing  at  a  ^ero 
flov/  rate. 
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7.  Variation  in  size  of  the  three  regions  of  the  flow. 
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8.  Limiting  pressures  measuraf  in  (lie  step  bttaiings  versus  electric  field. 
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9.  Comparison  of  experimenta!  results  arid  theoretical  predictions  of  the 
pressu.'-es  generated  in  the  step  bearings. 


642 


yield  shear  stress  (kPa) 

4  . 

■  bearing  1 

®  bearing  2 
^  '  viscometer 

■  valve  tests® 


q1 - - 1  — - 1  — _ _ I _ L _ I  .  .1. _  I  _i 

0.0  0.4  O.a  1.2  1.S  2.0  2.4  2.8  3  2 

electric  field  (kV/mm) 

10.  Comparison  of  yield  shear  stress  values  exhibited  by  the  ER  fluid  in 
different  How  conditions. 


1.2 
1,1 
1.0 
0.9 
0  8 
0.7 
0,6 
0.5  ‘ 


p  Ip 

nUttory 


0.0  0.4  O.S  1.2  1.5  2.0  2.4 

electric  field  (kV/mm) 


'  bearing  1 
'  bearing  2 


2.8  32 


1 1 .  The  effect  of  plastic  viscosity. 


SELECriON  OF  COMMERCIAL 


ELECTRO  RHEOLOGICAL  DEVICE'S 


DOUGLAS  ALAN  BROOKS 
Advanced  EHuid  Systcim  Limited 
10/14  Pensbury  Indiutrial  Estate 
Pensbury  Street 
la)nd<)ri  SW«  4rj 
Enyiand 


AliS'fRACr 

The  goneralioii  of  iilcas  for  devices  using  clcciro-rheological  (l  it)  lluids  is  a 
rciidively  siruiglufotv/ard  process.  However,  the  devclopnieni  ol  commercially 
viable  CR  products  is  not.  From  an  engineering  perspective  the  science  is  ol  the 
utmost  interest,  but  from  the  commercial  viewpoint  the  market  is  fumlamental, 
V/hut  are  the  problems  oncounterctl  with  existing  ER  lluiUs  ami  how  do  we  select 
an  idea  that  minimises  techtiical  risk  yet  oonfers  a  cotnpetitive  edge? 

It  is  suggested  that  current  lluids  arc  appropriate  to  a  range  of  industrial 
applicatitms  hut  market  penetration  is  inhibited  by  a  fixed  approach  to  the  design 
of  devices,  A  suggested  way  forward  is  the  use  of  ER  lluids  in  ctnnpicssioii  as 
opjioscd  to  the  conventional  arrangement  of  fluids  in  shear.  A  promising 
appiicatioti  is  eonsideied  which  has  evolved  from  the  consideration  of  valve 
designs  using  the  comprc.s.sivc  stress  cupaliility  of  ER  fluids. 
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HISTORY 

The  early  days  nf  my  association  with  ER  fluids  was  directed  towards  the 
more  basic  understanding  of  ER  fluids  in  flow.  This  work  generated  a  number  of 
interesting  devices  as  well  as  a  number  of  novel  ideas  lor  controlling  either  the 
pressure  loss  or  flow  rate  through  a  valve.  However,  none  of  the  devices  were 
commercially  orientated.  During  the  mid  8()s  American  Cyanamid  became 
involved  with  ER  fluids  and  so  began  the  current  renaissance  of  the  technology. 
Why  did  their  iimdvcment  begin  the  renaissance  of  a  virtually  dormant 
technology?  Simply  because  they  began  to  aggressively  market  the  technology,  this 
made  others  take  notice,  and  so  sptirked  off  an  ever  increasing  interest  tind 
awareness  of  the  technology.  It  is  almost  a  decade  since  their  involvement  and  you 
could  argue  that  not  a  lot  has  happened  since  then,  but  1  think  you  would  Ite 
profoundly  mistaken.  ITom  the  initial  push  in  the  mid  KOs  the  foundations  have 
been  steadily  laid,  new  materials  developed,  new  concepts  elaborated,  new  ideas 
[)ut  foiward,  and  new  designs  evaluated.  Yet  still  the  elusive  first  comntercial 
product  lias  to  be  realised,  why?  Is  it  a  lack  of  will,  of  investment,  of  fluid 
performance,  or  a  lack  of  ideas?  Contrary  to  popular  belief,  the  generation  of 
ideas  for  ER  devices  is  a  relatively  straightforward  process.  1  am  eonlnlent  that, 
together  with  four  of  five  pitrticipants  from  this  i,r  any  other  conference,  we  could 
in  some  30  -  45  minutes  generate  maybe  20  -  30  ideas.  I’he  problem  in  tiny  new 
and  wide  ranging  technology,  such  as  ER  fluid.s,  in  not  the  generatitm  of  ideas  but 
the  selection  from  these  ideas  viable  commercial  ones. 

It  is  perhaps  this  difficulty  that  divides  industrialists  and  academics. 
Academics  sec  the  broad  range  of  possible  products  and  cannot  understand  why 
there  tire  not  at  least  some  on  the  markei.  The  industrialist  however,  know  till  to 
well,  that  the  road  from  concept  to  product  is  difficult  and  expensive.  It  is  not  only 
the  technical  dcvelopinent  but  also  the  productionisatiun  of  the  product,  the 
mtu'keting  and  selling  of  the  jiroduct,  the  seiwicing  of  the  market  as  well  as  the 
after  sales  seivicing  of  the  product,  and  of  course  the  disposal  of  the  product  .U 
the  end  of  its  life  that  are  impoiiant.  It  is  not  surprising  therefore,  that  before  an 
industrialist  sets  out  to  launch  a  product  it  is  planned  in  some  detail  so  as  to 
minimise  tlie  risk  of  failure. 

So  how  do  we  go  about  selecting  devices  and  what  are  the  risks  associated 
with  selection? 
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SELECT  ION  &  RISK 

Those  who  may  have  been  expecting,  and  hoping,  for  a  list  of  opportunities 
and  a  set  of  rules  on  how  to  select  the  best  ones  arc  in  fo.  a  disappointment. 
Whilst  I  do  have  my  own  list,  as  well  as  a  set  of  selection  criteria,  these  are  clearly 
very  sensitive  material  and  I  will  not  disclose  them.  However,  there  is  one  well 
defined  principle  -  reduce  risk  wherever  possible. 

Broadly  there  are  two  risk  factors  to  be  considered  in  any  development 
procc.ss,  the  technical  and  the  comniercial.  These  factors  are  interlinked.  In  the 
hard  world  of  commercial  reality  the  ideal  technical  .solution  is  rarely,  if  ever,  the 
ideal  commercial  solution!  So  how  do  we  define  both  the  ideal  technical  and  the 
ideal  commercial  solution?  Perhaps  we  could  define  the  ideal  techniciil  solution 
its  one  that  would  meet  all  the  technical  requirements  over  the  required  lifetime 
of  the  prctduct  with  zero,  or  negligible,  risk  of  failure.  Wheretis  the  ideal 
commercial  solution  miglit  be  a  product  thtil  has  the  lowest  maiuifaciuring,  selling, 
and  distribution  costs  whilst  commanding  the  highest  possible  selling  cost.  That  is 
the  largest  gross  profit  margin. 

Clearly  then  within  tlicse  two  definitions  there  is  ample  scope  for  conflict. 
’I'lie  cost  to  |)roduce  the  ideal  technical  solution  may  be  far  in  excess  of  the  price 
that  ttny  custotiier  is  prepared  to  pay  for  it.  Alternatively  the  ideal  commercial 
solution  may  lead  to  a  jxoduct  of  such  low  quality  that  only  the  foolish  would 
purchase 't.  What  we  require  is  a  cotnpromise,  a  compromise  between  mtiximising 
I'Kith  the  commercial  returns  and  the  excellence  of  the  technicttl  solution.  The 
compromise  may  well  be  along  the  lines  of  a  product  that  the  customer,  you  or 
I  either  directly  or  indirectly,  will  pay  for  and  be  wholly  satisfied  with.  I’hat  is,  the 
irerceivod  value  to  the  customer  is  commensurate  with  the  financial  investment 
required.  1  have  dwelt  on  definitions  to  illustrate  the  conilict  between  a  good  idea 
and  a  good  commercial  product.  It  is  one  of  the  features  of  ER  technology  that 
the  good  idea  is  often  not  a  good  commercial  product.  The  commercialisation  of 
ER  teclmology  requires  that  the  good  idea  and  the  good  product  merge. 

Should  we  be  surprised  then  that  a  techmrlogy  discovered  in  the  late  3()s 
is  still  in  its  commercial  infancy?  Upon  .serious  rcficction  the  answer  is  an 
unambiguous  no.  Not  only  were  the  supporting  technologies,  colloid  science,  high 
voltage  amplifiers,  control  theory,  and  microelectronics  lacking  then,  many  of  them 
did  not  even  exist.  It  was  simply  impossible  for  the  technology,  at  that  time,  to 
develop  into  commercial  products.  Now  that  we  have  the  supporting  technology 
there  are  attempts  to  redress  the  issue  by  overstating  the  technology  and  making 
unreal  claims  over  unspecified  fluids.  Why  doss  this  occur?  Because  we  have  to 
deal  with  the  scepticism  that  expresses  itself  in  phrases  like  "if  its  any  good  why 
has  not  anyone  exploited  it  before?"  or  "it  a  solution  looking  for  a  problem"  or  "its 
only  a  laboratory  curiosity"  or  "its  been  around  for  40  years  with  nothing 
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happening  so  it  will  never  happen".  There  are  many  rebuttals  to  these  derisive 
comments,  but  perhaps  the  most  damming  is  to  simply  point  !o  the  fact  that 
commercial  products  are  beginning  to  emerge. 

Whilst  we  may  see  the  appearance  of  some  embryonic  commercial 
products  in  well  defined  environments  this  should  not  delude  us  into  thinking  that 
all  is  solved  and  it  is  only  commercial  inertia  and  investment  policy  that  stops  the 
dawn  of  a  new  ER  age.  There  still  remain  a  significant  number  of  technical 
barriers  as  well  as  a  significant  number  of  commercial  barriers  to  be  breached 
before  the  technology  will  have  wide  spread  applicability. 

What  are  the  key  issues  that  currently  bedevil  ER  teciinology?  Arc  their 

ways 

we  can  circumvent  them  or  turn  them  to  our  advantage? 


KEY  ISSUES 

The  issues  can  be  broken  down  tccluiically  and  commercially  as  follows: 

I'echuical  Issues 

1  The  yield  stres.s,  however  defined,  is  too  low. 

2  The  fluid  requires  to  much  power  for  most  appliciitions. 

3  The  temperature  range  is  to  narrow. 

Market  Issues 

1  electroiiic  contrtti  is  required,  why  not  tnaximising  the  benefits  :ind 
advantages  obtainable? 

2  ER  fluid  devices  ate  reactive,  why  not  exp'oit  tiie  opportunity  offereu? 

You  will  observe  that  while  the  technical  issues  have  a  negtitive  llavour.  the 
market  issues  can  always  be  expre.s.sed  positively.  The  difference,  although 
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cosmetic,  carries  an  important  message.  It  rather  like  saving  to  someone,  "You’re 
Ic'oking  more  beautiful  than  ever"  as  opposed  to  "You’re  not  as  ugly  as  you  used 
to  be"  the  same  statement,  but  weighted  more  positively. 

Mowever,  to  address  the  issues  v/e  need  to  try  and  define  the  problem  a 
little  more  precisely.  If  the  yield  stress  is  to  low,  what  docs  it  need  to  be?  What 
power  level  is  acceptable?  What  temperature  range  is  required?  Can  we  define 
our  problem  clearly  or  are  we  always  chasing  the  wind. 


The  Magnitude  of  the  Yield  Stress 

It  is  clear  that  even  the  term  yield  stress  is  problematic.  It  has  been  pointed 
out  that  we  may  well  be  dealing  with  a  number  of  so  called  yield  stresses,  both 
static  and  dynamic,  Not  only  do  the  magnitudes  vary,  the  dependence  on  flow 
rate,  in  the  case  of  valve  or  tluct  flow,  and  shear  rate,  in  Couette  tlow,  vary.  The 
static  situation  usually  provides  the  largest  value  and  is  often  quoted  by  tluid 
developers  wishing  to  impress  or  acquire  funds.  Couette  tlow  is  usually  the  most 
severe  test  and  is  usually  tjuoted  by  the  largo  multinational  fluid  developers  as  it 
is  the  most  cautious  value.  Value  flow  usually  gives  values  .somewhere  between  the 

tWV). 

Not  only  do  ER  tluids  withstand  .shear  forces  they  also  exhibit  compressive 
and  tensile  features.  Clearly  this  behaviour  cannot  exist  in  a  liquid  but  is 
predictable  for  a  solid.  It  is  surprising  therefore  that  until  now  little  attention  has 
been  focused  towards  this  behaviour  in  ER  fluids  as  it  can  lead  to  some  significant 
advantages.  One  of  the  curious  aspects  that  adds  to  the  confusion  is  the  fact  that 
because  pressure,  shear  stres.s,  yield  stres.s,  and  compressive  stress,  are  all 
measured  in  N/m"  they  are  often  taken  as  the  same  parameter.  I  know  of  a  least 
one  situation  where  claims  are  made  for  large  compressive  and  tensile  stresses 
that  are  implied  to  he  yield  stresses.  Such  claims  are  just  plain  confusing  to  the 
uninitiated  and  leave  the  prospective  u.scr  frustrated. 


Electrical  Power 

V.'hen  we  turn  to  power  requirements  the  question  really  is  how  much 
power  is  required  by  the  device  and  how  much  power  is  available  during 
operation.  If  the  ratio  of  power  required  to  power  available  is  less  than  one  then 
were  OK.  At  one  it  becomes  m..  ginal,  above  one  its  simply  no  good.  Clearly 
lower  power  demand  is  better  .is  the  power  supply  is  smaller  and  cheaper.  In 
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addition  to  this  power  demtiiid  is  also  temperature  dependent,  wliicli  leads  to  the 
third  question,  thiit  of  limited  temperature  range. 


Temperature  Range 

Similar  to  the  statement  that  the  yield  stress  it  to  low,  saying  the 
temperature  range  is  to  small  is  unhelpful.  Similarly  saying  we  need  a  temperature 
rtingc  of to  +200"C  is  equally  unhelpful.  There  are  temperature  windows 
where  devices  operate,  some  iire  well  regulated,  the  weaving  industry  for  example 
is  tightly  controlled,  some  iireas  less  .so,  for  example  offices,  factories,  warehouses. 
Others  are  more  wide  ratiging,  with  .some  of  the  severest  being  the  automotive 
iind  aerospace  requirements.  It  is  unfortunate  that  one  of  the  largest  potential 
markets,  that  of  automotive,  has  one  of  the  severest  temperature  requirements, 
as  well  as  some  of  the  most  demanding  performance  versus  cost  conditions 
attached.  This  hinders  market  penetration 


LINKAGE 

1  now  wiuil  to  turn  to  a  htisic  design  i.s.;ue  that  1  term  linkage.  Duclos‘  fiist 
publicly  raised  this  issue  in  tin  SAE  paper,  in  simplified  from  it  says  that  for  given 
requirement  of  energised  force  transmission  to  un-cnergised  force  transmission  llie 
volume  of  fluid  required  depends  rtn  the  ratio  of  the  viscosity  to  the  yield  stress 
squttred.  That  is  clitinging  the  geometry,  length,  width,  gap  of,  say  a  valve  will  not 
give  iidditioiial  advantage.  'I'he  performance  is  dictated  by  the  rtitio  of  viscosity  to 
yield  stress  squcired. 

Similarly  the  power  requirement  is  ti  function  of  the  geoniclry,  vvhicii  we 
hiive  seen  above  is  eHectively  fixed,  tind  tlte  product  ol  tlie  fickl  iind  the  current 
density. 

So,  to  im[)rovc  mechiinical  |)erform;mce  we  need  to  incrciise  yield  stress 
or  reduce  viscosity,  ic  improve  the  fluid’s  stress  transfer  ettpabilily.  To  improve 
electrical  pcrforintmcc  wc  need  to  reduce  current  density,  tigiiin  therefore,  wc 
ticcd  to  improve  the  fluid. 

Is  tliis  the  only  wtiy  forward?  !f  it  is  we  can  rmly  wait  until  the  fluid 
developers  produce  and  mtirkel  the  next  genenitittn  ER  fluid.  1  lowever,  given  that 
mtmy  researchers  are  still  mixing  their  own  first  generation  ER  fluids,  starch  and 
sunflower  oil,  despite  the  fact  that  .second  generation  ER  tluids  arc  readily 
available,  we  crtuld  have  to  wait  some  lime  to  .see  any  significrint  progress.  Oin  we 
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approach  the  problem  from  another  direction  and  ask  ourselves  can  we  break  the 
linkage  between  viscosity  and  yield  stress  and  if  so  how? 


BREAKihiG  THE  LINK 

Breaking  the  link  aills  for  one  thing,  and  one  thing  only: 

imaginative  design 

or  creativity  in  the  use  of  ER  fluids.  It  is  my  l>elief  that  io  much  time  and  effort 
has  been  spent  either  re-inventing  starch  and  silicone  fluid,  building  simple 
parallel  plate  clutches,  or  constructing  basic  dashpol  dampers.  Apart  from  a  few 
isolated  examples  there  seems  to  be  no  effort  directctl  towards  novel  ways  of 
using  existing  fluids  to  enhance  device  performance.  To  show  that  il  can  be  done 
1  will  illustrate  one  route  that  breaks  the  link. 


USING  ER  FLUIDS  IN  CX)MPRESSlON 

ER  dashpot  dampers  and  cylindrical  clutches  use  ER  fluids  in  shear. 
However,  ER  fluids  also  have  a  compressive  stress  capability.  For  the  last  nine 
months  wc  have  been  studying  this  feature,  (funded  by  the  European  Commi.ssion 
Brite-EluRam  Feasibility  Scheme),  and  designed  and  developed  both  a 
compressive  ER  valve  and  uni-directional  shock  absorber.  So  whiU  do  1  mean  by 
using  ER  fluids  in  comitression?  Basically,  rather  than  load  the  fluid  in  shetir  wc 
subject  it  to  a  compressive  or  tcn.sile  stress.  If  an  ER  fluid  is  placed  between  two 
unbounded  electrodes  and  a  field  applied  the  material  will  resist  both  a 
compressive  and  tetisilc  load.  Clearly,  if  a  tensile  stress  results  in  a  tensile  strain, 
the  effective  field  applied  will  reduce  and  rapid  fracture  may  result.  However,  a 
compressive  strain  increases  the  field  which  enhances  load  bearing  capability.  We 
can  use  such  a  feature  in  a  valve  as  shown  in  the  slide.  Two  valves  are  shown  in 
figure  1,  one  using  the  fluid  in  compression  the  other  using  slicar  forces.  The  valve 
consists  of  a  body  with  a  spring  supported  poppet  valve  assembly.  Tlic  poppet 
valve  assembly  is  extended  to  provide  an  upper  floating  electrode.  The  lower 
electrode  is  insulated  from  the  body.  The  poppet  valve  is  permanently  biased  to 
an  open  position  with  the  spring.  Tlie  valve  can  be  designed  so  that  full  closure 
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is  not  possible  and  flow  through  the  device  can  always  occur.  Alternatively  it  can 
be  allowed  to  fully  close  thus  operating  as  a  selectable,  and  controllable  non 
return  valve.  The  design  on  the  right  shows  a  similar  arrangement  but  using  static 
shear  forces  as  opposed  to  compressive  forces.  Alternative  arrangements  can  be 
easily  conceived  to  use  valve  flow  forces. 

In  all  cases  the  closing  of  the  poppet  valve  is  controlled  by  the  voltage 
applied  to  the  electrode  which  acts  on  the  fluid  and  uses  the  compressive  stress 
beiiaviour.  The  final  height  being  determined  by  the  flow  forces  on  the  poppet 
valve  and  the  compressive  stress  induced  in  the  ER  fluid.  The  der-ign  is  e.ssentially 
uni-directional  but  the  principle  may  he  used  as  bi-directional  with  a  pair  of 
poppet  vai;es.  As  long  as  tne  device  receives  a  voltage  it  allows  flow  in  either 
direction.  Reducing  the  applied  voltage  reduces  the  poppet  valve  gap  tind 
increases  the  flow  loss  through  tlie  valve.  With  zero  voltage  the  device  can  be  shut 
fully. 

The  niiiin  advantage  is  to  reduce  the  linkage  between  viscosity  and  yield 
stress.  The  compressive  stress  in  this  arrangement  typically  operates  as  a  static 
yield  stress,  that  is  a  fluid  with  a  3.0  kPa  excess  stress  in  Couette  flow  exhibits  a 
yield  stre.ss  in  the  order  10-12  kPa  under  compression.  There  is  a  simple  formula 
that  relates  yield  stress  to  force  via  the  radius  of  the  electrode.  It  is  then  simple 
a  matter  of  balancing  the  poppet  valve  closure  forces  against  this  resisting  force. 
The  link  between  viscosity  and  yield  .stre.ss  is  not  completely  broken  liowever.  The 
pressure  loss  through  the  poppet  valve  is  a  radial  flow  loss  and  is  viscosity 
dependent,  however  the  force  required  to  hold  open  the  poppet  valve  is 
significantly  less  titan  a  comparable  shear  requirement,  rurthermore  the  it  is  quite 
possible  to  totally  separate  the  ER  fluid  and  the  operating  fluid.  The  ER  fluid  can 
be  isolated  by  means  of  a  diaphragm  seal  arrangement  from  the  fluid  that  flows 
through  the  poppet  valve.  This  enables  a  hybrid  of  conventional  hydraulics  and 
ER  fluid  control  which  completely  severs  the  link. 


Shock  Absorber 

Shock  absorbers  are  not  only  used  on  cars.  Every  moving  object  possesses 
kinetic  energy.  If  the  object  is  required  to  change  direction  or  slop,  its  kinetic 
energy  must  be  dissipated.  Unless  the  energy  dissipation  is  controlled,  shock  forces 
will  cause  damage  to  the  structure  of  the  object  or  to  associated  equipment.  The 
simplest  form  of  energy  di.ssipator  is  a  spring  or  rubber  bumper.  However,  these 
devices  only  store  energy  which  has  to  be  dissipated  elsewhere  in  the  system.  A 
dashpot  is  slightly  better  since  it  provides  a  means  of  energy  conversion. 
Unfortunately,  this  energy  conversion  occurs  chiefly  at  the  start  of  the  stroke  and 
imposes  a  significant  initial  shock  load. 
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Linear  decelerators  or  industrial  shock  absorbers  are  an  attempt  to 
overcome  the  problem.  They  are  designed  to  dissipate  energy  linearly  over  the 
entire  stroke.  Being  industrial  they  are  located  in  factories  are  have  a  less  severe 
openiting  temperature  window  than  automotive  requirements. 

An  elementary  ER  dissipation  device  based  on  a  dashpot  is  mechanically 
simple.  However,  when  detailed  calculations  are  conducted  the  energy  absorbtion 
of  an  ER  decclerator  according  to  this  principle  is  limited  and  consequently  has 
no  advanttige  over  an  existing  conventional  device  unless  the  tluid  can  be 
improved  by  a  least  on  order  of  magnitude,  20-30  kPa  being  required.  This 
limitation  can  be  overcome  using  a  compressive  ER  valve.  A  valve  member  is 
('.onstructed  so  that  it  can  be  retained  in  the  open  position  during  How  by  the 
introduction  of  a  force  which  opposes  the  ilow  forces  tending  to  close  the  valve. 
The  opposing  force  is  generated  directly  from  an  electrical  input  by  using  either 
the  compressive,  characteristic  of  the  electrically  stressed  fluid  between  the 
electrodes. 

Figure  2  shows  ti  schematic  of  a  po.ssible  shock  ahstrrber  using  ti 
compressive  stress  valve.  By  applying  a  voltage  between  the  two  electrodes  the  ER 
fluid  solidifies  and  the  valve  can  be  held  open.  The  pressure  drop  generated  this 
valve  can  be  calculittcd  using  the  expressions  for  the  lamintir  flow  of  a  fluid 
through  a  radial  gap.  The  pressure  drop  through  the  valve  is  it  function  of  its 
geometry  and  the  opening  of  the  valve.  Comsequently  the  kinetic  energy  ttf  the 
impacting  load  can  be  dissipated  by  controlling  the  pressure  drop  thrtmgh  the 
vtilvc  iuid  will  result  in  the  load  being  arrested.  As  the  load  is  decelerated  the  flow 
rate  through  valve  decreases  and  hence  the  pressure  drop  through  the  valve 
decreases.  This  can  be  compensated  by  reducing  the  valve  opening.  This  is 
achieved  by  reducing  the  voltage  applied  between  electrodes.  Hence  by  contrttlling 
the  compressive  stress  chaiitcteristics  of  the  BR  fluid  the  opening  of  vidve  can  be 
controlled  and  controlled  deceleration  (tf  the  load  can  be  achieved.  The  fluid 
inertial  forces  due  to  the  impact  are  significant  and  the  valve  needs  to  be  shielded 
from  them.  This  is  achieved  by  diverting  the  fluid  away  from  the  valve  by  a 
diverter.  Naturally  a  general  arrangement  of  the  device  appears  more  complex 
than  the  simplified  schematic  as  shown  here,  but  the  essential  features  are  all 
included.  The  additional  complications  come  only  from  the  particular  mechanical 
engineering  constraints. 

In  this  particular  configuration  the  pressure  is  monitored  and  used  as  the 
control  signal.  A  schematic  of  the  control  system  is  shown.  For  linear  deceleration 
constant  internal  pressure  is  required  and  a  typical  control  .strategy  is  outlined  in 
figure  3.  Upon  impact  of  tlie  load  the  piston  is  moved  causing  an  incretise  in 
internal  pressure.  This  pressure  characteristic  can  be  compared  with  a 
characteristic  cither  stored  in  the  memory  of  a  microcomputer  or  generated  by  the 
microcomputer  from  measurements  of  pre.ssure  against  time.  The  error  sigmd  is 
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computed  and  processed  to  give  the  required  output  voltage  to  the  high  voltage 
power  supply.  The  signal  processing  is  such  that  the  non-iinear  closure 
characteristics  of  the  valve  arc  accounted  for.  The  nature  of  either  the  stored 
characteristic  or  the  generated  one  cttn  be  modified  as  required  for  specific 
purposes.  Hence  deceleration  profile  of  a  non-linear  nature  can  be  envisaged. 

Whilst  this  works  effectively,  it  is  not  particularly  cost  effective  and  a  non- 
contact  magnetic  displacement  .sensor  is  used  in  practice. 


MARKET  ISSUES 

In  the  above  description  of  an  F.R  industrial  shock  absoi  her  we  have  barely 
touched  on  market  issues.  The  essential  feature  is  to  make  a  virtue  out  of  the 
need  for  control  and  electronics.  The  eicctnrnic  "intelligence"  is  a  i  equireniem  so 
it  should  be  maximised.  The  device  can  sense  both  the  external  and  internal 
environments  and  adjust  continuously.  Consequent  advantages  are: 

Reactive  features  are  added,  tlio  damper  reacts  to  tlic  load  and  adjust  it.se!f 
to  optimi.se  the  deceleration  or  damping. 

The  measurement  of  speed  and  displacement  gives  an  estimate  of  the  mass 
and  propelling  force,  hence  wc  now  have  data  on  the  object.  Is  it  full,  half 
full,  or  even  empty?  The  shock  absorber  becomes  part  of  the  quality 
control  procedure  for  the  production  line. 

A  running  count  of  the  number  of  operations  can  be  implemented. 

The  controller  has  a  communication  link  and  can  either  download  or 
upload  data.  Hence  it  can  be  remotely  reprog.rammed  for  different 
conditions  or  transfer  data  to  other  areas  using  an  industrial  standard 
]rrotocol 

'These  then  are  .some  of  the  inherent  advantages  of  involving  electronics 
which  can  be  expressed  plainly  as  "providing  information  and  data". 
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CONCLUSIONS 

To  recap  the  ground  covered  in  this  presentation  I  hope  I  have  stressed  the 
need  to  align  possible  technical  excellence  with  market  opportunities.  In  this  way 
some  of  the  less  favourable  questions  posed  of  ER  technology  can  be  answered. 

I  also  addre.ssed  the  three  key  issues  of  yield  stress,  power  requirement, 
and  temperature  range.  Consideration  of  diese  led  to  what  1  term  "linkage",  the 
apparent  link  between  two  basic  fluid  properties,  viscosity  and  yield  stress,  and  the 
output  of  an  ER  device.  It  was  intimated  that  unless  this  link  could  be  broken 
early  penetration  of  ER  devices  into  larger  markets  would  have  to  wait  for  fluid 
development.  Fortunately,  this  was  not  the  only  route  and  the  use  of  imaginative 
design  solutions  would  help.  One  possible  solution  was  put  forward  and  some 
simple  geometries  indicated  as  well  as  the  application  of  this  into  an  otherwise 
unpenetrable  market,  industrial  shock  absorbers. 

As  a  company  we  have  moved  on  <1  considerably  distance  in  the  design  of 
"link  breaking"  design  and  have  developed  what  are  effectively  ER  amplifiers. 
These  tire  far  simpler,  more  reliable,  and  more  effective  solutions  than  tluise 
detailed  here.  For  extimple,  the  most  promising  design  creates  the  illusion  of  a  10 
kPa  fluid  from  a  1  kPa  fluid  and  at  the  same  time  reduce  the  electrode  area  by 
a  factor  of  seven.  However,  lack  of  time  and  commercial  prudence  does  not 
permit  me  to  disclose  more. 

So  before  I  close  let  me  leave  you  with  two  closing  points  vital  to  the 
selection  process; 

1  REDUCE  RISK 

2  IMAGINATIVE  DESIGNS  CAN  OVERCOME  FLUID 
LIMIT ATICNS 
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111  elcclio-rlicological  (ER)  devices  the  control  of  temperature  is  often  of  paramount 
irnpurtatice  For  a  device  through  v/hich  the  ER  Iluid  is  not  able  to  flow  continuously  to 
and  from  a  reservoir,  where  it  may  be  cooled,  this  can  be  a  problem  Such  a  situation 
occurs  in  the  ER  catch,  Uio  heat  generated  there  will  predominantly  lx;  dis.sip.ated  from 
the  outer  surface  of  the  dnve/input.  Tlic  rate  of  heat  transfer  is  thu.s  principally  a 
function  of  the  speed  and  area  of  that  surface  aitd  tlic  temperatures  of  the  ER  fluid  and 
atmosphere,  Since  those  factois  reflect  on  the  levels  of  electrivstress,  current 
requiremeiil  and  viscosity  of  the  ER  fluid,  an  opportunity  exists  for  optimisation  of  catch 
performance. 

Ttie  (lajier  show.s  the  results  of  an  investigation  into  the  effcct.s  on  the  ccajlmg/lieating 
problem  of  varying  the  radii  of  the  clutch  rotors,  their  relative  rotational  .'-ireeri  and  iniei  - 
clectrode  spacing.  Equilibrium  fluid  temperatures  ate  confirmed  by  exi'crimental 
evidence,  llie  effeet.s  of  heat  generation  in  run  up  to  sixicd  and  eluteli  locked  period.s. 

(through  electro  viscous  drag  and  dielectric  loading  respectively)  are  quanlified  and 
compared  with  the  case  of  a  coiHcmpoiary  ER  fluid  in  a  cylindrical  catch  on  acto  volts 
idling  At  any  given  ofierating  condition,  uniform  temperaluic,  viscosity  and  consiam 
electro  stress  are  assumed  throughout  the  fluid. 

1,  liiti'otluclioii 

A  rundanieiital  limitation  on  a  machine  lies  in  it.s  capacity  to  dissipate  tite  heat  it 
generates.  ER  devices  are  particularly  susceptible  to  overheating  at  the  present  time. 
This  is  due  to  the  relatively  high  shear  rates  that  are  encountered  in  practice,  the  high 
contemporary  zero  volts  viscosity  of  a  fluid  of  useful  cleclro-slress  and  limitations  on  the 
airount  of  fluid  that  can  be  employed.  One  nietliod  of  cooling  an  ER  device  on  which 
fluid  power  engineering  is  based,  would  be  to  circulate  pic-coolcd  fluid  through  tb.e  zone 
of  heating.  This  is  effective  in  ER  flow  mode  inactiincs  but  is  not  ;ui  easy  option  in  the 
sheai'  mode  type  of  device  where  "natural"  cooling  :s  consequently  most  important. 

The  total  heat  transfer  problem  in  an  ER  clutch  is  very'  complex.  Constantly 
excited,  controlled  slippage  devices  may  produce  tcinpeiaiinc  gradients  large  enough  to 
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significanSly  alter  tlio  local  viscosity  and  electro  stress  v/ith  consequential  disruption  of 
the  velocity  profile  and  subsequently  the  controllability  of  the  slip  rate,  Digitally  excited 
(volts  on-off)  devices  are  therefore  worthy  of  examination  in  respect  of  clutch  control. 

In  order  to  make  a  start  on  tlie  lemperaluic  control  problem  of  such  a  system  it  is 
necessary  to  separate  the  operational  conditions  before  modelling  them.  If  this  can  be 
done  on  a  quantitative  basis,  and  the  cumulative  model  tested  to  substantiate  the 
approach,  then  the  various  contributions  to  'he  heating  rate  can  be  assessed  from  a 
comparison  of  the  product  of  tlie  heat  generation  rale  and  residence  time  patterns  to  be 
encountered  in  service.  This  is  then  to  be  balanced  with  the  cooling  characteristics  and  a 
further  step  forward  can  be  plaiuied.  The  conditions  ’u  an  unexcited  and  slipping  phase, 
a  .switching  operation  and  looked  plates  are  thus  considered  individually  for  the  simplest 
construction  of  clutch,  a  cylindrical  device.  The  problem  is  further  simplified  by 
assuming  that  the  temperature  in  the  ER  fluid  is  that  which  exists  on  the  inner  surface  of 
a  surrounding  driver  cylinder  vrhich  rotates  at  a  set  speed  -  Fig.  1 .  The  vai  iables  are  then 
reduced  for  one  fluid  to  (i)  effective  radius,  (ii)  the  conditions  existing  at  its  outer 
surface,  and  (iii)  the  inner  (driven  rotor)  radius. 


Fig.  !  I'lR  Ciiifcli 


All  analyses  should  be  made  as  easy  to  apply  as  is  possible.  Thus  die  present 
effort  is  conducted  on  a  torque  per  unit  length  of  rotor  basis  (since  the  heat  generated  and 
its  di.ssipation  rate  both  deiicnd  on  the  length  of  a  cylindrical  c'utch.).  For  a  given  fluid 
the  input  imwer  of  a  slipping  clutch  at  zero  volts  is  taken  to  ho  due  to  po  Y  only  (the 
product  of  vi.scosity  .and  shear  rate  in  the  inter  electrode  gap)  end  the  specific  re.sistive 
heating  effect  of  a  given  fluid,  being  relatively  small,  is  roekoiicd  for  a  given  fluid  to 
depend  only  on  the  applied  electric  field  strcr,gth  (K)  which  is  alone  .assumed  to  fix  the 
clcetro-stress  Te-  Thus,  the  lesuits  ate  easily  translated  to  situa.ions  vvhere  one  or  two 
driveii/driving  rotor  surfaces  (double  acting)  and/or  where  there  are  one  or  two  heat 
transfer  surfaces  arc  involved  and/or  for  different  durations  of  vohs  on/off.  The  present 
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analysis  is  based  on  tlie  Bingham  plastic  form  of  clutch-continuum  model  with  steady 
heat  transfer  ensuing.  However,  the  value  of  IIq  (the  zero  volts  and  plastic  viscosity 
tliough  *  f(Y))  does  vary  with  fluid  temperature  Gpv  and  in  the  present  case  tile 
significance  of  this  factor  is  included  by  correlating  base  fluid  viscosity  and  0  whilst 
taking  the  effect  of  volume  fraction  on  mixture  viscosity  to  be  constant  over  a  range  of 
temperature.  This  fundamental  assumption  is  verified  to  some  extent  by  previous 
experience  [1]  and  the  Huid  manufacturers  (AFS  Ltd.  l.ondon)  data. 

2.  Energy  Generation  and  Heat  1  ransfer  at  co^  ~  0  and  Unexcited 

2.J  IJnderlyinf:  Aasumptions 

In  this  analysis  only  the  shear  strcs.scs  on  the  cylindrical  surfaces  of  the  clutch  arc 
coiisidcrcU  important.  All  heat  transferred  is  assumed  to  be  dissipated  by  the  external 
cylindrical  surface.  Uniform  conditions  arc  taken  to  apply  throughout  the  fluid  film  i.c. 
the  fluid  is  an  isothermal  continuum  which  endures  uniform  shear  stresses  and  velocity 
gradients  yet,  the  effect  of  fluid  temperature  is  considered  not  to  change  die  level  of 
eleclro-stress  A  further  assumption  is  that  Xe  ^  f(Y)’  Ibc  flow  is  taken  to  be  both 
laminar  and  fully  developed  in  tlie  circumferential  plane;  radial  and  end  effects  are 
neglected.  The  flow  of  the  fluid  at  zero  volts  is  essentially  Newtonian. 


l;;ukUion 


Innci  tolof  i^otoi'  wall 

Fig  2.  SfhemaJic  diagram  of  Clutch  Model 
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With  reference  to  tlie  convention  given  in  Fig  2,  a  simple  combined  radial 
conduction  and  convection  analysis  with  tlie  equilibrium  heat  transfer  rate  Q  linked  to  the 
outer  rotor  surface  and  fluid  temperatures  0c,  and  respectively  gives: 


(0ev  -  20)  =  Q| 


27tk, 


In 


1  1 

■ 

I'iJ 

2KUt^(  j 

(0ev-O„)  =  Q 


f 

fr  3 

1  I  'l 

In  1 

la. 

[  1 

V 

In  J 

'27tksfJ 

(1) 

(2) 


U  = 

2tb 

The  rate  of  energy  generated  by  visco.is  shear  is  given  by  toT  where  T  =  z.2zr^,(i  or, 
(O^r^ 

Qg  =lio— (5) 


(3) 

(4) 


The  beat  transfer  coefficient  U  can  be  related  to  the  Nussclt  and  Reynolds  numbers  of  the 
air  streatn  surrounding  the  outer  rotor  witlt  tltc  Nussell  nuinbcr  [2J  detcrinined  from  the 
following  expressions: 

For  mixed  convection  (Re<5  x  10'*) 


Nu  =  0.18  [(0.5  Rc2  ■)  Gr)Rr]0-3l5 
For  forced  convection  (Re>103) 

= _ 

5Pr  +  51n(31>r+l)  +  V2/Cd-12 


where  Cj  is  obtained  from  either 


(ue.^>9.50) 


(rc  VCrf  <  95o) 


(6) 


(7) 


(  fs.) 


{ /i>) 


JlT' 


eei 

For  a  stagiiant  ambient  air  condition  well  removed  froii  the  rotor,  tliere  are  3 
modes  of  convection;  free  convection,  combined  free  and  forced  convection  and  forced 
convection.  These  modes  are  well  justified  for  a  horizontal  rotating  cylinder  with  a 
smooth  surface  finish  in  stagnant  air.  Any  variation  of  rotor  inclination  angle  to  the 
horizontal  or  surface  finish  would  invalidate  the  relevant  equations. 

A  solution  for  the  tcmpora'ure  6i,v  was  achieved  witli  the  systematic  approach 
illustraicd  in  Fig,  3.  The  Reynolds  nmnber  was  deteiTPincd  in  order  to  decide  tlie 
appropriate  convection  equation  to  be  used,  (equation  6  or  7).  Thereafter  simultaneous 
equations  are  obtained  for  Oev.  A.  computer  programme  was  written  for  the  solution  of 
these. 
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Fig  3.  I'lic  solution  procedure  for  the  inallicinatical 

model  of  the  ER  Clutch  heat  transfer  behaviour 


i,'./.  Calculation  I’roceduri 

2. 2.  /  Effect  of  Reynolds  number  on  the  convection  mode 

The  Reynolds  number  is  defined  as  Rc  “  (8) 

I’hc  air  kinctnali:;  viscosity  o  was  taken  at  the  bulk  air  temperature  Gji,  which  is  the 
average  value  of  uto  sui  facc  temperature  and  tlie  ambient  temperature.  3y  lincarlising  o 


•a” 
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over  the  temperature  range  20°C  to  1 00“C,  u  was  obtained  as  a  function  of  mean  bulk 
temperature.  Using  equations  9  and  1 1  below,  the  Reynolds  number  from  equation  (8) 
gives  the  mode  of  convection. 

There  is  an  undefineti  region  [2]  sandwiched  between  the  mixed  and  forced 
convection  regions  which  was  classified  as  mixed  convection,  which  gives  a  somewhat 
higher  temperature  0o  titan  would  be  the  case  if  forced  convection  had  been  assumed. 

2.2.2  Combined  Free  and  Forced  Convection  Mode  (ReiS  x 

Referring  to  stage  I,  II  and  III  in  Fig.  3,  in  the  calculation  of  the  Nusselt  number 
in  equation  (6)  for  tliis  mode  of  convection,  the  properties  of  air  were  linearised  in  the 


raitge  of  20°C  to  100"C  as  follows: 

p  =  -3  X  10-30, „  + 1.257 

(9) 

ka  -  7.4  X  10-50,,,  -r  0.024 

(10) 

p  =  4.4  X  10-30, „+  1.727 

(11) 

Pr  =  -1,9  X  lO-''0m-t-O.712 

(12) 

where  0u,  is  the  mean  bulk  temperature  of  die  air,  i.c. 


0  3 


(13) 


Equation  (7)  was  expressed  as  function  of  0oby  incorporating  equations  (8)  to  (13),  i.e. 

Nu  a9o“  +  b0o  ^  c  (14) 

where  a,  b,  c  are  constant  eoerficients  for  particular  values  of  O)  and  ro. 

A  curve  fitting  teciiiiiquc  was  used  to  calculate  the  coefilcients  a,  b  and  c. 

Referring  to  stage  C  (Fig  3)  the  kinematic  viscosity  of  the  ba.se  oil  of  one  ER  fiuid  (Lipol 
30/W)  Vb  is  represented  as  (see  Fig.  4). 

Vb=0.0U45  - 0,841  0ev  + 40.9  (15) 

The  mixture  viscosity  is  increased  from  tltis  by  a  factor  detennined  from  maitufacturcrs 
figures  for  mixture  and  base  oils  at  30°C. 

Substituting  equation  (15),  (4)  aitd  (5)  into  (1)  gives  an  equation  for  G^v.  i  e. 


0ev  =  f(Nu,  h.  To,  n,  (a,  ks) 


(16) 
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Flu  4.  Curve  flttiitg  fur  base  oil  used  in  Li|)oF30W 

The  Nussclt  n'unbcr  in  equation  (16)  can  be  determined  from  equation  (14)  after 
obtaining  9y  From  (2)  to  give  the  following  relationship: 

Nu  =  f(eev,  h,  To,  ri,  f  i,  F,  CO,  ks)  (1 7) 

Substituting  ( 1 7)  into  ( 1 6)  gives  a  final  equation  for  0cv  in  the  form  of 

Aflev*’  +  BOev'’  +  CGev^  +  DOev  +  F  "  0  (18) 

where  A,  13,  (  D  and  F  are  constants  for  fixed  values  of  h,  Iq,  n,  fi,  F,  ks  and  co.  The 
Newton  Raphsi  n  method  was  employed  to  solve  equation  (18)  for  6ev  at  a  given 
geometric  configur  tion  and  fixed  angular  speed. 

2.2.2  Forced  Convection  Mode  (Re>lO^) 

This  mode  of  hc.it  transfer  (stage  A,  B  and  C  in  Fig.  3),  is  accounted  for  in 
equation  (7),  with  the  parameter  Cd  obtained  from  equation  (7a)  or  (7b).  An  exponential 
curve  fit  of  Cd  was  used  as  follows: 


2.S  SO  15  *00 

©  (-■’c.) 


664 


Cd  =  (mlnRe)"*  where  n  =  2.787  and  m  =  0.5693  (19) 

This  expression  is  used  in  equation  (7)  to  obtain  equation  (14)  with  the  same  procedure 
as  that  for  mixed  convection.  Finally  the  same  form  of  equation  (18)  is  obtained  to 
provide  a  value  of  Ggv  for  fixed  conditions  of  h,  ij,  r,,^  fj,  kg  and  to.  The  corresponding 
Nu  is  also  available  by  substituting  the  solution  of  Oev  into  equation  (14). 


2.3  Results  for  2  ~  ij 

This  section  demonstrates  tlie  use  of  the  prograjnme  for  tlie  idling  clutch  to: 

(a)  Investigate  tlie  variation  of  temperature  0cv  with  change  of  aimular  gap  thickness 
and  outer  radius  to  optimise  this  temperature. 

(b)  Verify  the  reliability  and  accuracy  of  the  method  by  comparison  of  theoretical 
results  and  experiment  data. 

Some  outline  features  of  tlie  expected  clutch  thermal  characteristics  can  be 
appreciated  from  the  following  ide.iliscd  synthesis  for  the  ca-se  of  idling,  i.c.  running 
without  excitation  voltage  at  full  slip  (neglecting  residual  friction  and  .secondary  modes 
of  heat  transfer): 

Rate  of  heat  transfer  by  convection  from  tlie  outer  rotor  is  given  by 
Q-UA(0o-2O)  where  A  •-  2jtr<,fj 


But  at  steady  state,  a  temperature  ratio  k  can  be  expressed  as 

wlicrc  k  is  a  constant 


i- _ 

'  A0 


Oev  -  20 


Hence  for  steady  state  thermal  conditions  (Q  =  Qg),  from  equation  .S  we  obtain 


kUr,,  h 


(20) 


Thus  it  seems  tliat; 

(a)  The  temperatui'c  dirfercncc  is  independent  of  tlie  lengili  of  tlie  rotor  when  (,  =  L 

(b)  The  temperature  difference  is  inversely  proportional  to  tlie  heat  transfer 
coefficient,  outer  radius  tg  and  the  gap  thickness  h.  However,  the  geometrical  variables  h 
and  To  are  subjected  to  certain  constraints  with  respect  to  device  si/c,  power,  torque  and 
efficiency  whereas  U  depends  on  die  ambient  temperature  and  the  air  flow  condition. 

(c)  Any  increase  in  viscosity,  and  angular  speed  and  rotor  radius  in  particular, 
increases  the  temperature  difference.  The  choice  of  viscosity  and  of  the  rotational  speed 
of  tlie  rotor  are  however,  determined  by  the  available  fluid  and  duty  of  the  clutch,  often 
leaving  the  change  of  rotor  radius  as  the  only  flexible  and  significant  parameter  to 


T 
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influence  the  variation  of  temperature  dev-  h  can  also  be  seen  that  a  reduction  of  the 
radius  rii  causes  the  temperature  to  decrease  significantly.  Thus  for  a  given  torque 
requirement  it  appears  prudent  to  design  a  long  slender  clutch  rather  than  a  short  one  if 
the  torsional  stiffness  and  size  remain  acceptable.  However,  the  problem  is  one  of 
quantification  of  the  effect  of  conditions  on  U.  In  this  respect,  for  the  values  of  physical 
parameters: 

r,  =  30.5  mm,  rjj  =  30  mm,  ro  “  40  inm,  f  =  60  mm.  =  60  mm,  h  =  0.5  mm 

a  set  of  calculations  were  made  to  produce  the  equilibrium  temperatures  6ev  at  rotational 
speeds  from  250  ipm  to  3000  rprn  and  for  Tq  60  and  80  mm  (see  I'ig.  5). 

Similar  calculations  were  repeated  for  Tq  fixed  at  40  mm  and  h  =  0.5,  1  and  2  mm.  Also, 
Hi  ■"  1 0,  20  and  30  mm  are  varied  for  fixed  To  and  h.  (See  Figs.  6  and  7) 


Clmdi  t’iiramctcr.s 
i-liiid:lJlclcclric  Bii.se  Oit/Lipol  tO/w 
Inner  Rolui  Haclins  (ij  -tomin 
Outer  Rotor  l,en};t It  ■Inner  Rotor  I.eiij’lit 
Gap  .Size  (h)  =  O.Sinin 
B.sciuition  voltage  =  0 


Jr-' 


Fig  5.  Effect  of  rotor  ruiiiiiiig  speed  (N)  on  fluid  steady  sfste 
temperature  for  various  outer  rotor  radii  (ro) 
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Mixed  convei'tiou  roiced  convection 


Cluleii  Parainclors; 

FUiidiDiclcctric  Base  Oil/l.ipol  30Av 
Ollier  Rotor  Otilcr  Riidiits  (r,)  -  4l)ium 
Ollier  Rulor  l.L'iiylli=liiiicr  Rotor  Lciiglli 
Inner  Roloi  Uiidius{r,,)=!iOmni 
Excitation  voltage  =  (i 


6.  Effect  of  rotor  runiiiii]’  speed  (N)  oa  fluid  steady 
state  tcmiicraturc  0i.v  for  various  gap  site 


In  Fig.  8  a  typical  9ev  versus  time  test  result  is  shown.  The  slow  continuation  of 
temperature  rise  is  thought  due  to  an  increase  in  the  test  cnclostu’e  and  running  gear 
temperatures.  Assumed  equilibrium  test  conditions  are  compared  with  theory  in  Figs.  9a 
and  9b. 

3,  Other  Operational  Modes 

The  relationsliip  between  the  likely  dominant  zero  volts  slip  mode  and  the 
switching  modes  in  normal  on-off  control  depends  on  tlie  specific  operational  cycle  to 
which  the  clutch  is  subjected.  Both  heat  transfer  ajid  electrical  power  dissipation  arc 
process/load  form,  fluid  and  geometry  dependant  parameters  and  are  dealt  witli  only  in  a 
general  and  comparative  fashion,  viz:- 
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CUitch  PiiiauicliTs 

i-liiid  DioIccirit  liiisi;  Oil/t.i|>ol  lo/w 

OiUtti'  Roloi  Oiik'i  Kadms  (r„)  ■■  4()mii\ 

Oiiloi  R.OIPI  IxiiBlh^huier  Rotor  Loi\>;(li 
Gap  Si  'c  (li)  -  (I, Siam 
I'Acilatioii  vollajjc  ii 

Fi)’.  7  EDoct  of  t'olui'  ruiitiiiit’  speed  (N)  on  fluid  steady  state 
tci>i|)crature  for  various  imter  rotor  radii  (rij) 

S.l  The  Smtehing  Phase 

Consider  tlie  motion  switching  cycle  to  start  by  uic  application  of  excitation  at  1 
;uid  terminate  at  3  in  Fig.  lOa.  The  torque  is  assumed  to  be  activated  instanlaiteously  and 
be  fixed  by  E  alone  with  a  subsequent  smooth  run  up  to  spcci]  of  tlie  driven  rotor  (to2) 
fiom  zero  to  the  constant  driver  speed  (Oi. 

Slip  work  =  \‘^(T  +  '/blloJi  -0)2)  tit  where  l'  is  die  run  up  time 

It  will  be  noted  that  both  To  and  coj  -  oii  fall  as  (02  increases.  Thus  the  real  (full) 
line  of  due  to  slip  in  Fig.  10b  always  lies  below  a  projected  linear  progression  (shown 
doited)  Irom  Qg  max  to  Qg  -  0.  Hence  the  area  under  the  dotted  line  is  always  ati 
overestimate  of  tlie  area  under  Uie  full  line.  For  a  limiting  boundary  condition  of  Tq  max 
<  Tg  the  ovcrestimaied  value  of  this  integral  is;  Tg  (0i  t'.  When  To  >  Tg  the  control 
ratio  Tg/To  falls  to  less  than  unity  and  the  clutch  becomes  relatively  uncontrollable. 
Typically,  for  the  101  mPas  Lipol  SO/W  fluid  used  in  one  test,  |.ioT  -  IkPa  at  1500  rpm, 
compared  with  Tg„iax  -  2  kPa  at  the  same  shear  rale. 
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Time  (minutos) 


Fig.  8  Clutch  Kig  Temperature  Trial  at  500  rpni 


The  real  process  shows  good  matching  between  load  and  drive  since  maximum 
torque  is  generated  at  switch  on  and  the  least  torque  when  approaching  the  required 
locked  state  -  tliis  is  contrary  to  say  the  action  of  a  solenoid.  The  precise  shape  of  the 
actual  Qg  versus  t  will  depend  on  the  specific  process,  and  in  particular,  the  inertias  of 
the  driven  rotor  and  load.  To  avoid  such  complications  and  yet  give  some  quantification 
to  the  various  heat  generation  phases  the  over  estimate  is  used.  Thus,  the  amount  of  heal 
generated  per  switching  process  is  TeOiit'  whilst  that  generated  during  u  period  t"  of  full 
slip  is  Totoit"  =  TeCOit".  Hence,  the  ratio  of  the  heating  effect  (though  only  an  estimalt) 
depends  on  tli-e  relative  durations  of  f  and  t".  For  example  a  50  millisecomk  full  slip 
duration  and  a  5  milliscc  switching  duration  would  give  only  an  average  10%  nux 
heating  effect  cccuniig  in  the  run  up  period.  !n  such  a  process  the  over  cstunatc  is 
justified.  A  similar  argument  can  be  made  for  a  braking  process  given  equality  of 
energisation  and  de  energisation  phenomena  [3]. 
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IIm;  uumiptuin  ut  Ukini;  ihc  volu  vlip  period  lu  be  i/ic  domiiuni  Murce  iif 
hcAt  );nteTxuun  ik  i>en<;T4lly  piuvcd  tur  ihc  caw;  of  tVt  ^  I  i  e  tor  rcUiivc  low  inertia 
mcxhaniotu  operated  af  hijdi  H>ced  and  where  ttic  run  up  period  it  rciaiivcly  short 
kirrnpared  l^l  the  idiiny:  or  rotors  locked  pcn<.Hik 

4.  Ubeussiaa  uf  Keuiiis 

ibe  analytical  results  duiu  that  changin^t  die  diticrcnl  paraiiietrtrs  has  sarious 
iniluatccs  on  the  steady  state  fluid  tcnipetaiuxe  as  seen  in  I'igs  S  to  7  Ibcrc  arc 
sescfil  c^Mnnvnn  teatures  in  the  ytraphs  which  are  worth  noting  All  arc  ccMitpatihlr  with 
the  lumpltned)  approach  n^uaiion  (2<>) 

la)  All  the  vystcin  temperature  i  irves  diverge  as  the  speed  mcreascs 

(hi  Ibc  curves  arc  made  up.  ol  two  legiuru  governed  by  the  Kcynolds  Munihci.  i  c 

the  nil  ted  flow  and  forced  flow  regionc  1he  buurulary  us  ally  occius  at  2U(M)  rpin  tiH 

ouict  radiur  less  than  (<(l  nun  and  at  I UOU  rpnt  for  a  radius  greater  than  XO  mni 

|e)  Ibc  teiiiperaiuTC  il^s  increases  almost  linearly  with  U)|  Ibe  rale  is  grcaicst  tioin 

2.^U  rpm  to  liXM)  tpm.  ihcrcailcr  haviny  a  declining  rate  ol  change 

(dl  I  or  most  cases  in  the  forced  convection  mode  (fig  *>  t«>  7),  a  doubling  in  the  si/c 
ol  the  operating  parametas  r„,handyy,  results  in  a  very  signiticani  change  ol 
cquilibnuni  temperature. 


W.  Wi 


(0)  (1,) 


Fig  10.  Switched  Duty  Cycle  (a)  torque  v  slip  rate  (b)  v  time 
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In  summary,  for  any  given  speed  these  curves  show  quantitatively  how  6ev  can  be 
reduced  by  the  use  of  (in  ascending  order  of  importance)  a  large  outer  radius  To,  a  large 
gap  size  h,  and  a  small  driven  rotor  radius  rii.  The  main  drawback  in  reducing  the  rotor 
radius  is  the  consequent  need  to  extend  its  length  to  retain  the  torque.  This  may  cause 
problems  in  installation  and  loss  of  torsional  stiffness. 

I'ltc  tests  done  to  date  to  confirm  the  analysis,  have  taken  place  on  two  fluids 
(I'ig.  9a  and  Fig.  9b).  Both  have  relatively  low  base  fluid  viscosities  (circa  20  ml’as  at  30 
■^C)  and  ilicrcfore  are  not  very  sensitive  to  tcritpcrature.  An  existing  test  rig  [4,  7]  was 
used  for  the  experiments. 

Radiation  from  the  equipment  has  been  neglected  in  calculations  of  heat  loss. 
Al.so.  the  resistance  to  heat  transfer  which  occurs  at  the  inner  surface  of  the  outer  rotor 
ha.s  been  assumed  small  in  compari.soii  to  that  at  the  outer  surface,  l.iquid  to  solid 
surl'ace  coci'ficicnts  ore  nunnally  much  more  conductive  to  heat  transfer  than  at  solid  to 
gas  I  his  is  fortunate  as  no  transport  property  data  is  available  for  the  FR  fluid.  In  the 
case  of  rotors  lucked  in  the  'yield  held'  iiukIc,  the  teinpo^aturc  gradicni  in  the  find  is 
IiXelv  lu  be  very  small  as  it  is  acros.s  tlic  thickness  of  tlic  outer  rotor.  I  he  closeness  of 
cxpcn.'iental  data  to  calculated  predictions  tends  to  support  tltc  simple  approach  used 
Here. 

It  should  be  understood  tliat  the  viscosity  of  die  overall  fuid  mixture  has  l>ecn 
estiiiuted  frotii  that  of  the  ba.'u;  oil.  a.s  given  in  the  inanufactutcr.'i  duUi  for  leinperuturc 
depcndance,  and  an  approximate  model  for  the  added  effect  of  solids  content  Since  the 
accuracy  of  these  procedures  will  depend  on  the  sjKcific  con.stiiucnts  used,  because  of  the 
original  and  general  nature  of  the  picseiti  wotk,  and  to  case  computation,  die  base  oil 
viscosiiy/temperaiurc  relationship  has  been  estimated  by  a  quadratic.  If  adopted  without 
check  this  approach  could  lead  to  an  unacceptable  level  of  eiror:  it  does  not  impair  the 
concluMons  of  the  present  study 

1  inully  It  must  he  pomied  oiii  dial  the  model  applies  to  l.K  fluids  which  fall 
within  the  iiieclutronic  cuiice|i'  i  c  drawing  so  httie  ulectiicai  power  dial  they  can  be 
ci/inputcr  controlled. 

5.  K'uitcluaiuns 

The  most  iinportam  result  to  emerge  from  the  analyses  is  diui  the  amount  of 
"natural"  cooling  from  u  rotating  clulcli  can  be  substaimal.  Hte  implicaiii>n  ol  this  is  that 
provided  care  is  taken  with  the  design  ol  the  clutch,  signilicunt  Icvcl.s  of  power  can  be 
transmitted  widioul  undue  overheating  problems  arising  A  ma|ot  factor  in  this 
achievemcm  lies  in  die  selecium  of  the  outer  rotor  as  the  constant,  higher  speed  member 

Ileyond  ihi.s,  an  incrca.se  of  the  inlcr-clecirodc  spueing.  allied  requiring  a  higher 
voltage  to  mainiain  rj.,  is  the  most  powerful  of  the  variables  within  the  designer's  control. 
An  inciea,se  ol  h  reduces  the  nominal  shear  rate  (u>U/2h)  (ii  improves  many  olhei 
operational  factors  [4])  and  hence  the  rate  of  power  generation  ni  a  given  slip  s[)eed  bai, 
if  taken  too  far,  may  impair  the  clcetrun-hydrauiic  time  delay  Some  allevialion  of  such 
a  consequence  may  be  hud  from  higher  temperature  operation  when  oflen  declines 
less  (or  suivietimes  not  at  all)  with  inercased  shear  rate  [7].  Fhough  the  resistance  and 
capacitance  of  the  clecitical  load  will  thereby  be  affected,  the  change  that  this  cau.scs  to 
the  heating  load  has  not  been  calculated. 


Some  reduction  in  fluid  working  temperature  may  be  had  from  a  reduction  of  the 
diameter  of  the  inner  rotor  (for  the  same  torque)  at  the  expense  of  an  increase  in  it's 
length.  This  will  probably  increase  the  surge  current  (via  capacitancc)and  increase  the 
resistive  load  (reduced  resistance)on  account  of  the  increased  electrode  area[S].  Speed 
reduction  seems  to  be  a  major  factor  in  reducing  temperature  but,  this,  like  the  other 
changes  will  affect  the  dynamics  of  the  system  and  electric  heating  rates.  Total 
mechatronic  steady  and  unsteady  design  is  called  for  if  and  when  specific  application  and 
fluid  characteristic  data  becomes  available. 

In  the  case  of  the  application  of  clutches  in  any  mechanism  in  which  the  time 
spent  in  the  switching  is  relatively  short,  the  technique  presented  seems  suitable  for  the 
assessment  of  fluid  temperature.  In  terms  of  steady  speed  governance  of  say  a  rotary 
clutch  the  position  depends  on  the  relative  duration  at  the  three  operational  conditions, 
the  properties  of  the  ER  fluid  and  what  extreme  outer  radii  can  be  tolerated,  this  being 
the  least  influential  of  designers  control  parameters. 
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Numcnclature 

A  surface  area  of  outer  rotor  (in^l 

Cj  drag  coefl'icicnt 

C(,  constant  pressure  s|>cciric  heat  of  air  at  20"C  (J/ligV) 

D  diemeter  (m) 
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E  electi’ic  field  strength  (volts/h) 

g  gravitational  acceleration  =  9.81  m/s^ 

h  the  annular  gap  size,  ro  -  fi  (m) 
k  temperature  difference  ratio  (Oq  -  6a)/A0 
ka  thermal  conductivity  of  air  at  20“C  (W/m^C) 
ks  thermal  conductivity  of  rotor  ==  15  W/m“C 
f  tire  effective  length  of  the  outer  rotor^m) 

fi  the  effective  length  of  the  irmer  rotor(m) 

N  angular  speed  (rpm) 

Q  rate  of  heat  transfer  (W) 

Qg  heat  generated  in  the  fluid  (W) 
r  radius  (tn) 

r;  the  internal  radius  of  the  outer  rotoifm) 

ro  the  external  radius  of  the  outer  rotor(m) 

r„  the  radius  of  the  driven  rotur<m) 

6  temperature  (^) 

Ocv  steady  state  temperature  of  the  Ell  fiuid  (°C) 

Oo  outer  surface  temperature  of  the  outer  rotor  in  (“C) 

Oj  ambient  temperature  of  air  -20“C 

O;!,  mean  bulk  air  temperature  (Og  +  G, )  /  2  (“(') 

1  time 

t  run  up  time  from  u>:  U  to  (02  (U| 
t  duration  of  full  slip,  (02  ^  U 
t"  duration  of  plates  locked,  (1)2  “  (0| 

T  torquc(Nm) 

U  surface  beat  transfer  coefficient  (W/in^'’0 

Y  shear  rate,  lur/li  (s  ’) 

|1  ciK'fficicnt  of  volumetric  thcrnul  cxpan.sion  of  air  at  20'’C'  (K'’) 
p  density  of  air  (kg/nr^( 

Hi,  dynamic  viscosity  of  liK  fluid  at  zero  voltage  (I'a.s) 

p  dynamic  viscosity  o(  air  at  (t’as) 

v  kinematic  viscosity  of  air  at  20”(.'  (m^/s) 
vg  kinematic  viscosity  ofha.se  oil  of  LK  Iluid  (m^/s) 

T  slicar  stress  in  EK  tluid 

AO  temperature  difference  =  Oo  -  Wi  ("t  ) 

(u  running  speed  of  a  rotor  ( rad/ sec ) 


subscripts 


o  viscous  (zero  volts)  components  -  except  when  defined  above 

1  driving  (outer  rotor) 

2  driven  (inner)  rotor 

e  electro  stress 


Ur 

Rc 

I'r 

Nil 


K2 


Grashof  number 


Reynolds  number  =  — 


i'landti  number 


Nusselt  number 


U2ry 

k. 
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